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Abstract
Thousands of abandoned mines scar the US West; both 
acidic and alkaline mine wastes inhibit revegetation of 
these sites, contributing to erosional and metal 
contamination of nearby waterways. Alkaline organic 
materials, naturally occurring biopolymers and animal manure 
were applied to mine tailings in a series of greenhouse 
column experiments. Both alkaline and acidic tailings were 
tested. Alkaline mine tailings were collected from the 
Garnet Mining District in Western Montana, USA. Acidic 
tailings were removed from stream side deposits of Silver 
Bow Creek, 10 miles west of Butte, MT. Mine reclamation 
amendments were derived from three sources; a local kraft 
pulp mill (alkaline organics, biopolymer and mulch), a local 
farmyard (manure) and a chemical supplier (biopolymer). Soil 
amendments were evaluated in greenhouse column studies for 
their effectiveness in 1) immobilizing metals, 2) promoting 
vegetative cover, and 3)reducing phytotoxicity of the 
tailings. Acidic tailings showed the most dramatic pH shift 
after amendment treatment. For the four metals studied, 
mobility was enhanced by treatment of alkaline tailings in 
the order: Cu>Fe>>Pb>Zn. In contrast amendment additions to 
acidic tailings reduce the leachability Cu = Fe > Pb > Zn. 
All multi-amendment combinations rendered heavy metals less 
available to grass growing in the planters regardless of the 
nature of the tailings. Reductions in grass tissue metal 
concentrations were about equal for Cu, Fe and Pb, less for 
Zn.
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I. Introduction
I.l Problaa Statement
There are thousands of abandoned mines in Western 
Montana that present toxic hazards to the environment around 
them̂ '̂ . The costs to cleanup most of these sites with 
current technologies, however, are too expensive for the 
State to afford. Processes employing low maintenance 
technologies (e.g., revegetation, passive treatment, etc.) 
represent a cost-effective approach to remediate soils in 
impacted ecosystems^'.
Contamination of surface waters by erosional runoff is 
often addressed by revegetating a site. But revegetation of 
mine spoils often focuses solely on the success of plant 
growth without considering heavy metal immobilization. 
Current revegetation practices require large amounts of 
fertilizer and lime to be mixed into the soil to help 
establish plants in mine-impacted areas^. While the lime 
temporarily impedes metal migration, its buffering capacity 
is eventually exhausted by reactions in the soil. So a 
revegetated mine site can resume release of harmful levels 
of heavy metals into ground water, surface waters, and 
streambed sediments.
1
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This thesis explores applications of alkaline organic 
materials (by-products and spent process stream chemicals 
from Stone Container's kraft pulp mill) and/or naturally 
occurring biopolymers (sodium alginates) to phytostabilize 
metals until a vegetative cap is established over mine 
tailings piles. Metals will form insoluble complexes with 
these more persistent organic materials and are retained 
until natural soil is created in plant root zones. 
Immobilization /revegetation strategies will be designed to 
minimize both the cost of soil amendment materials and the 
amount of labor required to apply and maintain the 
treatment.
1.2 Study Sites
In this study, two different tailing types were used. 
The Garnet Mountain Range tailings are highly alkaline, 
thereby effectively neutralizing the acidic run off of the 
sulfide tailings pile. The Silver Bow site does not have 
the presence of free carbonates, so it has highly acidic 
run-off associated with most sulfide ore mines.
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1.2.a Gamet Study Site (Free Coin/Red Cloud Mine)
The alkaline site employed in this study, the Free 
Coin/ Red Cloud mine complex, is located in Granite County, 
Garnet Mining District, Montana, one-half mile south of the 
Garnet Ghost Town. Water discharged from the Free Coin/ Red 
Cloud Mine flows into First Chance Gulch and ultimately into 
the Clark Fork River. The Free Coin/Red Cloud is an 
abandoned hardrock gold mine with an on-site mill and 
unreclaimed tailings piles of around 22,325 yd^. It is 
located between elevations of 5560' to 5740' on a 35° slope 
with a southwest aspect®. This site is owned by Garnet 
Mining Corporation who granted permission for use of this 
site in the revegetation study (Figure 1 and 2).
1.2.b Silver Bow Study Site
Silver Bow Creek ,located just outside of Butte, 
Montana, is one of the major tributaries to the Clark Fork 
River (Figure 3). This site became contaminated with 
tailings from upstream mines during the 1890's and early 
1900's when floodwaters transported tailing piles down the 
creek bed creating slickens. This site was placed on the 
National Superfund Priorities List in 1983.^
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Figure 1 Montana State Overlay of Garnet Area
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
i i i l i iS
I ||ls i0-<1
llliiliil
• • T f ■ ■ I I
----
g
• Ü
Figure 2 Free Coin/Red Cloud Mine Complex®
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Figure 3 Silver Bow Site^
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1.3 Soil Amendments
The soil amendments in this study were chosen from two 
categories, 1) documented abilities in either revegetation 
(manure, hog fuel, and de-watered sludge) and metal 
chelation (alginate) or 2) theorized abilities in 
revegetation (lime mud/soda ash) and metal chelation (black 
liquor).
A variety of soil amendments for study were obtained 
from Stone Container. Stone Container operates a kraft pulp 
mill in Frenchtown, Montana. The treatment additives to be 
evaluated from Stone Container were industrial by-products 
of the pulping and inorganic chemical recovery processes at 
the mill. The potential soil amendments from Stone 
Container were black liquor, de-watered sludge, lime mud, 
and hog fuel; each of these is defined below.
Black liquor is spent pulp digestion fluid that is 
concentrated into sludge with 65% to 70% solids. The 
inorganic solids include sulfates and carbonates formed 
during the chip digestion chemistry. The balance of the 
black liquor is made up of an aqueous lignin solution. The 
pulping step of papermaking is essentially the dissolution 
of the unusable lignin fraction of the wood.® The black 
liquor is being used as a biopolymer in this study since the
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Figure 4 Lignin structure for spruce10
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lignin component has the ability to bind free metals in its 
structure. This biopolymer has never been used for this 
type of study before.
Lignin is a polymeric natural product formed by 
vascular plants. The structure of lignin varies between 
different species of plants, however, most of the monomeric 
units are linked by very stable bonds like carbon-to-carbon 
of biphenyl or alkyl-aryl types, and ether linkages (Figure 
4)10.
De-watered sludge is produced during the treatment of 
plant wastewater. It contains short fiber fragments arising 
from the pulp washings. The de-watered sludge usually 
contains 40% to 45% solids, having a higher organic content 
than that found in black liquor. It is useful as both a 
reservoir of soil nutrients and metal binding sites.®
Similar pulp waste material (de-inking residue) has been 
used in revegetation projects (discussed later)^®'®°.
T.itno mud is a waste product that is formed during the 
recausticizing stage of the kraft process. Lime mud has the 
following typical composition®:
The pH of a 1:1 lime mud: water mixture is 12.3. CaCOg 
is useful in revegetation for maintaining a neutral pH in 
soils and waters; before this study lime mud/soda ash has 
never been used in a vegetation study. The lime mud is 
collected at a retention pond located on the Stone Container
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Table 1 Lime Mud Analysis11
Constituent: % by Weight ppm (Mg/g)
Calcium Carbonate 63.7
Calcium Hydroxide 1.37
Calcium Oxide <0.1
Total Solids 65.1
Total Organic Carbon 0.2
Volatile Solids 1.3
Ammonia as Nitrogen 0.9
Sulfate 180
Total Kjeldahl Nitrogen 67
Nitrate 4.4
Zinc <5.0
Lead 7
Copper <5.0
Iron <0.5
Moisture 34. 9
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Table 2 Fly Ash Components13
Component % by Weight ppm (ng/g)
Calcium Carbonate 20.3
Total Organic Carbon 2.2
Sulfate <0.01
Nitrate as Nitrogen 22.6
Ammonia as Nitrogen <1
Total Kjeldahl Nitrogen 125
Zinc 150
Copper 33
Iron 6
Lead <0.5
Total Solids 48.6
Volatile Solids 5.1
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complex. The ponds are also used in the storage of fly ash. 
As a consequence, a mixture of lime mud and fly ash was 
collected for this project. Fly ash imparts a pH of 12.7 to 
water (1:1) with the components listed in Table 1 and 2.
Hog fuel is waste bark and other inconsistently 
pulpable tree material (e.g., compression wood) removed 
before the digestion process. It was used as mulch cover 
for erosion protection on the site. It also had a limited 
ability to sorb free metals from water*. A similar bark 
material was studied for it ability to absorb free metals 
(discussed later)
The remaining potential soil amendments for this 
project did not come from the kraft pulp process. These 
substances were alginate and a mixture of composted animal 
manure.
Alginate is a simple heteropolysaccharide with |3 
linked D-mannuronic acid and C-5 epimer a-L-guluronic acid. 
Alginic acid is produced in most brown algea. It has been 
used in the textile, food, medical, and cosmetic industries 
for over a half century. It is known that when alginic acid 
is brought into contact with divalent ions, cross-links 
develop between the guluronic segments of the alginate 
chains (figure 5)̂ ”̂̂ ®.
In the last ten years the study of alginate as an 
anionic polyelectrolyte has been studied. With the use of a
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NMR it was shown that copper ion formed a complex with the 
alginate in its solid form (figure 6)̂ ®. As CUSO4 solution 
was mixed with alginate beads, copper slowly intruded into 
the beads (black circle on outside of bead). Alginate was 
picked as a biopolymer because of its documented ability to 
bind free metals in solution.
Manure is important for its role as a fertilizer and as 
a chelation agent. Manure has high concentrations of 
organic and inorganic nutrients (nitrogen, phosphorus, etc.) 
needed for plant growth. The composted manure also 
contained polymerized organic chains that was useable for 
chelation of free metals in the mine tailings.* Compost is 
one of the most utilized components on a revegetation cover.
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Figure 5 Structure of Alginate (M = D-mannuronic and 
G = a-L-guluronic acid)
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II Literature Review
This section will give a brief overview of 
phytoremediation practices that were useful in conceiving 
this project. Section one will define terms used in 
phytoremediation studies. Section two will give a brief 
historical background on previous remediation studies that 
are pertinent to this project.
II. 1 Phytoremediation Studies
Bioremediation is being studied all over the world as a 
reclamation process to help clean up contaminated land 
sites. The field of phytoremediation is expanding daily, 
several variations that were helpful in this project are: 
Phytoextraction: growing plants that are able to 
hyperaccumulate heavy metals on contaminated 
sites then harvesting the plants to remove the 
metals from the soil.^^
Phytostabilization: utilizing soil amendments to 
enhance plant growth and to chelate the 
contamination into a more stable, less soluble 
form.
1 6
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Phytovolitallzation: utilization of plants to convert 
volatile contaminates from their solid or liquid 
forms into their gas form.
Phyto transformation : utilizing plants that are able to 
convert toxic organic compounds into harmless 
biomass compounds.
These are just some of the new process now being studied for 
reclamation of contaminated sites.
XI.2 Ravegetation and Reclamation Studies
II.2.a Revegetation Studies
In this section three different revegetation strategies 
will be summarized: a 20 year revegetation study in the 
Crown Butte area of Montana utilizing chemical fertilizers 
and buffering agents, a natural amendment revegetation 
project that was carried out in Sandbar Creek area of 
Montana, and a project in Illinois that used waterway 
sediments for revegetation amendments.
Mining on the high elevation Beartooth Plateau began in 
the late 1870's. For over 100 years this area has been 
mined for the ores, specifically gold. Most recently this 
site came to the public's attention as the Yellowstone 
(Crown Butte) Gold mine (even though this site is not
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located in Yellowstone Park). Abandoned mines in this area 
are located in the alpine and sub-alpine zones which has a 
short growing season and hostile winter climate.^®
In the 1970's a multiagency study analyzed disturbances 
in this area and suggested a program of reclamation and 
revegetation be initiated. The main study area for this 
program was located in the Cooke Mining District of the 
Beartooth Plateau at an elevation above 3,000 m in the 
transition area between alpine and sub-alpine zones (McLaren 
and Glengary Mine areas).
The McLaren mine is located at the headwaters of the 
Stillwater River; and the Glengary is located on the Fisher 
Creek side of the mountain range. Both of these mines were 
made up of shallow pit and underground extractions.
Several problems had to be studied before the 
revegetation project could be initiated. 1) short growing 
season, 2) low bioactivity in the alpine and sub-alpine 
zones, 3) plant availability in area, 4) natural 
disturbances (i.e. avalanches), 5) man made disturbances 
(i.e., mining and pipeline construction), 6) geology and 
soils. After this study, a plan of reclamation and 
revegetation was adapted to the area.
The sites first had to be shaped and tailing piles 
distributed evenly throughout the pit area. The rock and 
soils containing the lowest pH were used to fill in the
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depressions in the pit area, then covered with soil that had 
the best ability for plant growth.
From pilot studies it was shown that several soil 
amendments would be needed to alleviate soil deficiencies in 
nutrients. 1) Lime was applied at a rate of 2,200 kg/ha to 
increase soil pH, 2) granular fertilizer with a N-P-K ratio 
of 18-46-5 was applied at a rate of 672 kg/ha, 3) manure 
(steer) was applied at 2,200 kg/ha. These three amendments 
were evenly distributed around the site, then mixed into the 
surface of the soil (15 cm depth).
Species used for the re vegetation of the site were not 
readily available from commercial suppliers, so native plant 
species had to be cultivated for the project (table 3).
During the first year of this project, the average 
production on the site was 113 kg/ha for a total cover of 
71% (21.7% in plant cover and 49.3% litter).^®
After almost 20 years of research in this area Brown 
found that 1) that revegetation and reclamation utilizing 
natural pathways must be site specific, 2) that some 
disturbed areas can be reclaimed in a short period of time 
(2 years), however, some may take longer time periods^®. At 
this site it became necessary to continually apply 
fertilizer and lime to the soil in the area to help 
alleviate soil pH and nutrition problems.^® At this time a
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complete revegetation cap has not been successfully 
established.
Table 3 Plants Species used in Revegetation Project and 
Results of First Year Growth. 19
Species
1976 1977
Seedling rate 
kg/ha®
No. Plants per 
m"®
Plant
Frequency
A g r o p y r o n
s c r i b n e r i
1.6 0 0
A.
trachycoulurn
8.6 26 0.83
C a r e x
d r u i m o n d i i
7.8 0 0
D e s c h a p s i a  
c a e s p i t o s a
45.2 279 1.00
P h l e u m
a l p i n u m
5.2 14 0.43
P o a  a l p i n a 12.7 72 0.85
T r i s e t u m  
spicaturn
1.9 0 0
Tri ti c u m  
a e s t i v u m
0 4 0.19
Weeds 0 4 0.39
Totals 83.0 399
Ikg/ha = 0.897 lb/acre and Im^ = 11 ft
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The sites used for this study were an abandoned mine 
located in the Sandbar Creek area (Helena National Forest) 
near Lincoln, Montana and tailings from the Clark Fork River 
near Anaconda, Montana. Mine tailings from the Sandbar 
Creek area had the chemical characteristics of 1) pH 2.7, 2) 
iron concentration 4,580 ppm, 3) copper concentration 540 
ppm and 4) lead concentration 240 ppm. From the Clark Fork 
River area they were: 1) pH 2.9, 2) iron concentration 3,680 
ppm, 3) copper concentration 129, and 4) lead concentration 
37 ppm.^^ Amendments used in this study were composted 
sewage sludge (Eko Compost Missoula, Montana) or aged 
sawdust (from the Lincoln Pole Yard in Lincoln, Montana) or 
lime (1.5g CaCoa and 1 g CaO)
Studies were conducted in the laboratory on tailings 
collected from these areas. The tailings were sieved to 2 
mm and either mixed with 10 and 20 g Eko Compost or 10 g 
aged sawdust; then either mixed with or without lime. The 
samples were placed in a 250-mL French square bottle, 
brought up to 60% water holding capacity (this was measured 
weekly and kept at this percent), and left in a constant 
temperature chamber for four weeks. After the four week 
period, both exchangeable metals, these are metals binding 
to colloids or suspensions in the system that can 
interchange with the aqueous metals, and soluble metals.
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free metal ions in the water, were analyzed for each of the
samples (Table 4). 21
Table 4 Laboratory Experiment of Sandbar Creek area sample 
for pH and exchangeable and soluble metal concentration
(ppm) 21
Treatment Exchangeable Soluble pH
Pb Fe Cu Pb Fe Cu
Control 14.6 256 14.4 0.00 0.00 0.28 2.9
Lime 4.6 12 0.00 0.00 0.00 0.00 7.1
Sawdust 18.2 186 10.0 0.00 0.24 0.26 3.0
10%
Compost
10.4 42 3.2 0. 00 0.00 0.00 3.0
20%
Compost
8.4 12 0.4 0.00 0.00 0.00 3.4
Sawdust + 
lime
3.8 12 0.00 0.00 0.00 0.00 6.9
10% Comp 
+ lime
4.2 12 0.00 0.00 0.00 0.00 7.0
20% Comp 
+ lime
2.4 10 0.00 0.00 0.00 0.00 6.9
Tailings from the Sandbar Creek area showed a 
significant reduction in metals from both the compost and 
lime treatments. These amendments removed metal 
concentration to that below detection limits in the soluble 
metal concentrations. The exchangeable metal concentration
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2 3
was reduced by 80 to 100% in the lime-amended samples and by 
30 to 95% in the composted treatments. The sawdust 
amendment increased the concentration of exchangeable lead 
and soluble iron.
Field study plots were then set-up in the Sandbar Creek 
area following a block design. These plots were 2x4 meter 
sites. Plots were either amended with 30 mg lime, 24.4 mg 
aged sawdust, or 24.4 mg Eko compost, the later two either 
with or without lime. The amendments were mixed into the 
soil to a depth of 15 cm for the lime, 7.5 cm for the aged 
sawdust or Eko compost. Slender and thick spike wheat grass 
was sown at a rate of 20 kg/ha; then raked into a depth of 3 
cm. These sites were watered weekly for a total of three 
weeks. After eight weeks, the site was analyzed for percent 
grass surface cover, microbial biomass (7.5 cm depth), pH, 
and exchangeable metals lead, copper, and iron (table 5)
Both the control and the aged sawdust plots prevented 
wheat seed germination. This could be due to the aged 
sawdust's high carbon to nitrogen ration (560:1). The seeds 
on the lime plot, although they did germinate, had burnt 
tips and a sickly look. However, on the compost plots the 
shoots were healthy (green and thick)
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Table 5 Sandbar Creek plot study.21
Treatment Exchangeable pH Microbial Grass
Pb Fe Cu Biomass Revegetation
mg/kg (ppm) mg/kg % cover
Control 294 585 10
.7
2.6 11 0
Lime 4 8 0.
7
9.2 113 34
Sawdust 234 416 8.
9
2.8 29 0
Compost 55 31 2.
8
3.5 644 33
Compost + 
lime
3 10 0.
4
8.6 193 50
Utilization of dredged waterway sediments as a 
reclamation material was studied in Chicago, Illinois. The 
study focused on the usability of sediment from the Cal-Sag 
Channel south of Chicago and an abandoned mine spoil area on 
the river bank of the Illinois River.
Sediment was collected from the channel of the Cal-Sag 
and analyzed for metals. Only cadmium, copper, lead, 
mercury, silver, and zinc concentrations were above normal 
soil concentrations, although these concentrations were
still below most toxic effects for plants. 23
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The study site in Ottawa, Illinois was designed with 
four different plots 1) 0.9 meter dredged sediment covering 
of spoil, 2) 12 mg/ha limestone mixed into top 15 cm of 
spoil with 0.9 meter dredged sediment cover, 3) 17 mg/ha 
mixed into top 15 cm of spoil with 0.9 meter dredged 
sediment cover 4) control. The plots were seeded with a 
mixture of six grasses at a rate of 1.1 kg/ha.
For the revegetation of this site to be successful the 
pH of the plots had to be able neutralize the acidic run-off 
from the spoils. The pH for treatment 1 was most stable over 
the five years that this experiment took place (1977-1981). 
The pH of treatment 1 went from 8 the first year, to 7.5 in 
its second year and stabilized at this pH for the remaining 
four years. The other two plots, 2 and 3, did not stabilize 
untill after the second year of revegetation. At the end of 
the fourth year, these two plots had a pH of approximately 
7.22
Metal concentrations from the plots were also analyzed 
during the four year period (1978-1981). Aluminum levels 
were significantly higher in plot 3 than in all the other 
plots, presumably because of the acidification that 
accompanied this plot's first 3 years. Plot 1 again showed 
the most improvement over the other two amendment 
combinations. The metal concentration in this plot was 
significantly less than that found in either plot 2 or 3.2'*
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This study's results suggest that an amendment of high 
organic matter substances, (i.e., in this case waterway 
sediment) can be utilized in revegetation and reclamation of 
disturbed sites. In this test the best combination of 
amendments was observed to be that of just the waterway 
sediment by itself. The lime addition seemed to have a more 
pronounced affect on the pH of the system, actually causing 
an acidification increase and an increase in aluminum 
mobility in the system.2*
II.2.b Phytoextraction and Phytostabilization
In this section previous studies involving amendment 
additions for utilization in phytoextraction and 
phytostabilization will be discussed. The addition of 
amendments (apatite and citric acid) was used to stabilize 
metal contaminants in the soil. Chelation agents were used 
along with Indian Mustard to improve its hyperaccumulating 
metal abilities. Then a thesis work up utilizing 
agricultural byproducts to remove metal concentration from 
effluents from a landfill.
Research was conducted on the ability to transform 
soluble and soil lead into pyromorphite utilizing apatite 
amendments. Pyromorphite [Pbs (PO4) 3 (X)s] is a less soluble 
form of lead compared to the more common forms of lead such
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as cerussite (PbCOa) . The slow dissolution of the 
pyromorphite follows:^®
Pb5(P04)3(X)s + 3H+(aq, 5Pb\aq| + 3HP04'\.q) + X'(aq|
with a more neutral soil pH and the addition of apatite 
(Ca3 (PO4) 2OH), this reaction will be driven to the left, 
immobilizing the lead in a more stable form.^^
This study was conducted to see if the addition of 
apatite to soil would affect the ability of plants to take 
up lead. Planters were set up utilizing blanks, and a 
variety of apatite types and concentrations."
Laperche et al.2® found that, with the addition of the 
apatite, the lead concentration in the plant's root and 
shoots increased compared to that of the control. Also, the 
concentration of phosphorus in the plant's root and shoots 
increased at the same time. The authors found no correlation 
between lead and lead apatite in the plants. The study 
found that lead concentration in plants could be affected by 
several factors: 1) lead concentration in soil, 2) other 
metals in soil, and 3) a plant's lead accumulation 
capacity."
Naturally occurring complexing agents (i.e. citric 
acid) can be used to remove metals from contaminated soils.
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sediments and sludges. Citric acid can complex metals in 
two ways: 1) as a binary complex through formation a of 
soluble, single-metal complex and 2) ternary complex with 
the formation of more than one metal complex by bonding on 
both the carboxyl and hydroxyl groups. The availability of 
metals to living organisms may be greatly affected by the 
complex it forms with the citric acid. The ternary 
complexes of cadmium, zinc and nickel have shown greater 
stability than the binary forms of these metals.
Biodégradation, by microorganisms, of the complexes was 
also examined. The citric acid in the control sample took 
less than 20 hours to completely metabolized. For the 
binary iron (III) complex, complete metabolisis took 80 
hours. The uranium binary complex never did disappear, even 
after 144 hours of incubation. The ternary complex required 
a metabolisis period up to 4 3 hours. However, only 7% of 
the complex were ultimately metabolized. After 43 hours the 
complex showed no further degradation/"
This experiment demonstrated that some binary complexes 
(i.e., uranium and citric acid) were non-biodegradable, 
while other complexes (like iron (III) with citric acid) had 
a very high biodegradability. Stable ternary complexes are 
able to retain highly biodegradable metals, thus 
immobilizing the metals from the environment
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Phytoremediation can be a cost-effective way to clean 
up contaminated sites. This technique utilizes plants that 
are able to hyperaccumulate metals in their biomass and soil 
amendments that increase the plant's abilities to 
hyperaccumulate m e t a l s . I n  this study^^ Indian Mustard, a 
known metal accumulator, was used to study the effects of 
different amendments to improve ability to absorb metals 
from the soil.
For this study, soil was obtained from the Rutgers 
University Horticultural Farm (a Sassafras Ap silt loam) and 
dosed with cadmium, copper, nickel, lead, and zinc 
carbonates. Only the lead concentrations were discussed in 
this paper. The soils were then treated with lime to obtain 
pH's of 5.0, 6.0, 6.5, 7.0, and 7.5. Fertilizer was added 
to the soil before it was placed into planters. Indian 
Mustard plants were then transplanted into the contaminated 
soil containers and placed for three weeks in a growth 
chamber. 2"̂
Three weeks after transplanting chelation amendments 
were added to the soil. Amendments were: trans-1,2- 
cyclohexylendedinitrilotetraacetic acid (CDTA), diethylene- 
trinitrilopentaacetic acid (DPTA), 
ethylenedinitrilotetraacetic acid (EDTA),
ethylenebis[oxyethylenetrinitrilo]tetraacetic acid (EGTA),
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and citric or malic acid.^^ One week after amendment 
additions the plants were harvested for analysis of metal 
concentration, and soil from the planters was collected to 
determine its soluble metal content.
Plants that were grown in soils without chelation 
amendments had root lead concentrations as shown at the top 
panel of figure 7 in soils with 1800 ppm (mg/kg) lead 
concentration the Indian Mustard roots only contained about 
100 ppm lead. This has only 5.5% the level of lead 
contained in the soil. In the planters amended with the 
chelation agents (Figure 7 bottom panel), the plant's metal 
concentration i n c r e a s e d . 5 to 10 millimole EDTA per 
kilogram had the best ability to increase the plant's metal 
accumulation. There was, however, a marked decrease in plant 
biomass production when the chelation agents were added at 
10 millimoles per kilogram. At about half the biomass was 
produced compared to plants treated with only 0.1 millimole 
per kilogram. This was not a severe problem since the soils 
treated with 10 mmol/kg chelation agents increased the metal 
uptake by almost ten thousand times over that of the 0.1 
mmol/kg treatment .2"̂
A field test site was subsequently prepared to study 
the effects of EDTA on Indian Mustard's ability to 
hyperaccumulate lead in the environment. The site was at a
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former cable manufacturing facility (Bayonne, New Jersey), 
which was contaminated with lead (pH 8.3, lead concentration 
in soil 1200 mg/kg) Fertilizer was mixed into the soil. 
Indian Mustard was planted and allowed to grow for three 
weeks before application of EDTA. Three test plots were 
then fitted with lysimeters for evaluation of EDTA affects. 
The plots were arranged as, 1) 1 liter solution EDTA, 2) 
Mixture of EDTA and acetic acid (equal concentrations 
5mmol/kg) 3) control.^® The plots were irrigated and 
allowed to grow an additional week before harvesting.
It was shown that pH does have a considerable effect on 
EDTA's ability to enhance lead accumulation in Indian 
Mustard. In the field study the EDTA plus acetic acid 
mixture almost doubled lead concentration in the shoots, and 
almost quadrupled lead concentration in the roots. Compared 
to that of the control, the concentration in the 
contaminated unamended plants showed a ten- and five- fold 
increase, respectively.2?
This study demonstrates that the addition of chelation 
agents enhance the ability of hyperaccumulating plants to 
absorb metals into their biomass. Thus increase their 
ability to clean-up metal contaminated sites.
Byproducts from agricultural processes were 
investigated for their ability to immobilize contaminate
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from wastewater. The products studied were silica sand, 
sphagnum peat moss, cedar bark mulch, and barley straw.2®
In the laboratory PVC pipe was used to make columns 
which were then filled with the byproducts. The columns 
were cut to lengths so that there could be 20 or 40 cm (two 
columns with 20 cm and one with 40 cm) of the byproducts 
with a 10 cm crushed limestone cap at each end.2® The 
bottom was filtered with a screen to allow water to flow 
through the system. One of the 20-cm columns was used as a 
control. Only deionized water passed through it. The other 
two columns were dosed with 150-mL leachate (collected from 
Ellery Landfill, Chautauqua County, New York) for 30 days
Samples of both the influent and the effluent were 
collected. Analysis of chloride content, pH, and metals 
(iron, manganese, nickel, and zinc) was carried out on each 
of these samples.2®
The pH of the columns was partially controlled by the 
crushed limestone caps at the top and bottom of the columns. 
However, the byproducts did have an effect on the pH of the 
effluent in the system. The greatest change came from the 
barley straw. Cedar bark caused the effluent to become 
basic. 2®
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Upon analysis the chloride content was not 
significantly altered by any of the byproducts. During the 
course of the study the chloride content continued to 
increase toward that of the influent concentration. Only in 
the sphagnum peat moss did the chloride content decrease 
towards the end of the experiment.
Most of the byproducts showed high removal capacity for 
metal ions except barley straw. The sphagnum peat moss (4 0- 
cm) and the cedar bark (40-cm) were able to remove almost 
99% (by weight) of the iron in the influent. Even 20 cm of 
the cedar bark was able to remove almost 98% of the iron in 
the influent.2®
The results were more scattered for the removal of 
manganese. Sand had little capacity for the removal of 
manganese from the influent. The sphagnum peat moss evolved 
from being able to remove 98% (20 cm) and 99% (40 cm) in the 
first 2 days of the experiment to only 6.2% (20 cm) and 51% 
(40 cm) in the final days of the experiment. The cedar bark 
showed little capacity for the removal of manganese until 
day 10. It then progressed through a cycle of increasing 
and decreasing capacity.2®
The nickel removal capacity of the byproducts followed 
a more expected trend. Removal efficiency in columns with 
only 20 cm of the byproducts differed only slightly from
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trends observed in by the longer 40-cm columns. The 40-cm 
cedar bark column exhibited the best capacity to remove 
nickel from the influent, about 85%. 40-cm sphagnum peat
moss column was only able to remove about 76% of the nickel 
concentration.
There was also variation between byproducts for the 
removal of zinc from the influent. The sphagnum peat moss 
(40-cm) was able to remove most zinc from the influent, 
probably due to a higher density of bonding sites located on 
the peat moss. The 40-cm cedar bark column showed little 
improvement in ability to absorb zinc over the shorter 20-cm 
column of the same byproduct
Overall, the cedar bark mulch was best medium for the 
removal of the suite of contaminant studied in the system.
It had the highest fluid transfer capacity and the ability 
to increase influent pH into basic conditions. It also had 
the best overall ability to remove all four metals in this 
study.^
XI.3 Other Pulp Mill By-products Environmental Studies
Other pulp mill material (fiber clay and de-inking 
residue) has been used in previous remediation projects 
described below.
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II.3.a Fiber Clay
Capping landfills with fiber clay creates a barrier- 
layer similar to conventional clay or geomembrane caps. It 
is attractive because the cost of the fiber clay is much 
less than that of conventional capping materials.^* Fiber 
clay is made up of wood fibers, grit, and clay (from paper 
coating) that is recovered from paper mill water treatment 
plants. It is very similar to organic soils. Fiber clay 
waste from the pulp mill is usually landfilled, so capping 
uses divert waste material that would otherwise consume 
landfill capacity.
The fiber clay is very easily applied as a cap, 
requiring no specialized equipment for cap installation. 
Fiber clay is also very compactible; layers of the substance 
can be applied until a cap of very low hydraulic 
conductivity is f o r m e d . F i b e r  clay was applied on the 
landfill as a wet mixture, 200% water capacity. The fiber 
clay was spread over the top of the landfill with a 
bulldozer to a thickness of 10 inches. The cap was then 
rolled uniformly with a paper-mill roller. The roller was 
used to press the fiber clay into the cap; without the use 
of the roller the fiber clay can become a dust and blow off 
or waste away with water.
Fiber clay has also been used as a topsoil amendment in 
other municipal landfills. In these cases the fiber clay
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was mixed into the topsoil covering of the landfill. Fiber 
clay readily absorbs water infiltrating the topsoil, 
lowering water penetration into the landfill waste.
Plants growing atop the cover were able to extract the water 
trapped in the fiber clay during dry seasons for continued 
growth.
IX.3.b De-inking Residue
Paper residues from de-inking were utilized in mine 
reclamation and revegetation of coarse taconite tailings 
formed during the mining of iron ore in northeast 
Minnesota^®. The de-inking residue resulted from mechanical 
and chemical processes designed to repulp fibers in recycled 
paper.
At the Evelth Mines, test plots were constructed in May 
1992 in a randomized block design. The de-inking residue 
was applied at rates of 10, 20, 40 and 80 dry tons per acre. 
Fertilizer (diammonium phosphate) was applied at rates of 0, 
200, and 400 pounds per acre in the each of the test 
plots.
Two different sets of plant species were also evaluated 
in this study —  native and introduced. Native plant 
species (big bluestem, Kalm's brome, Canada wild rye, and 
bush cover) have established a high percent coverage in
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similar studies. Introduced species that were evaluated in 
this study were picked because a Bureau of Mine's research 
plot adjacent to this study area was utilizing the same 
species (smooth bromegrass, red fescue, perennial ryegrass, 
alfalfa, and buckwheat).^®
The plots (2.5 m by 4.0 m) were constructed with a 10 
m^ de-inking residue raked into the tailings. The 
fertilizer was then spread uniformly over the top of each 
plot. The plot then was rototilled to a depth of 6 inches. 
Seeds were spread across the top of the plots and raked into 
the soil, after which, mulch with hay was applied at a rate 
of 2 tons per acre.^°
Water samples were collected from lysimeters in June, 
July, August, and September of 1992; and April, June,
August, and September of 1993. The samples were then 
analyzed for metals and nitrate as nitrogen, chloride, and 
sulfate.
The mine tailings from the Elevth Mine were analyzed 
for both contaminant concentrations and growth nutrients 
(table 6). Aluminum, iron, and manganese showed the highest 
concentration. The pH of the tailings showed an alkaline 
character of 8.7.
A similar analysis of the de-inking residue was carried 
out (table 7). The concentration of some of the total 
metals was somewhat similar to that of the concentrations
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found in the soil. Chromium was about half of that found in 
the tailings, where as, zinc was higher in concentration in 
the de-inking residue. The copper concentration was almost 
identical between the tailings and the de-inking residue.
The pH of the de-inking residue was also alkaline.^®
Table 8 and 9 hold the extractable metal concentration 
of the plots. There was significant difference of 
extractable metal concentration of sites with and without 
fertilizer.
Table 6 Elevth Mine Tailings Total Metal Concentrations
(ppm) 30
Item Mean Standard Deviation
pH 8.7 0.1
Cadmium 7.86 0.75
Chromium 8 .74 0.49
Nickel 8.88 1.22
Lead 25.90 2.89
Copper 4.05 0.54
Zinc 12.42 1.51
Iron 71186.85 7106.09
Aluminum 1456.18 82.67
Manganese 3489.04 469.74
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Table 7 Total Metal Concentration in De-inking Residue 30
Item Mean Standard Deviation
pH 8.2 0.3
Cadmium (ppm) 0.2 0.11
Chromium (ppm) 4.89 0.27
Nickel(ppm) 1.28 0.67
Lead(ppm) 2.84 0.96
Copper(ppm) 3.12 0.23
Zinc(ppm) 38.67 11.23
Iron(ppm) 185.69 8.85
Aluminum (ppm) 4451.18 263.31
Manganese(ppm) 9.49 0.62
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Table 8 Extractable Metal Concentrations in Plots without 
Fertilizer Addition^® (metals concentrations in ppb)
Control 10 tons 
per acre
20 tons 
per acre
40 tons 
per acre
80 tons 
per acre
1992 1993 1992 1993 1992 1993 1992 1993 1992 1993
pH 8.3 8.6 8.2 8.5 8.3 8.5 8.3 8.5 8.2 8.5
Pb 0. 68 0.17 1.23 0.17 0.84 0.17 0.26 0.17 0.26 0.17
Ni 0.09 0.05 0.09 0.04 0.09 0.04 0.09 0.04 0.09 0.04
Cr 0.04 0.03 0.07 0.03 0.08 0.03 0.04 0.03 0.05 0.03
Cd 0.03 0.01 0.05 0.01 0.02 0.01 0.04 0.01 0.06 0.01
Zn 0.64 0.04 0.36 0.12 0.19 0.08 0.32 0.08 45.9 0.20
Cu 0.18 0.21 0.14 0.23 0.17 0.25 0.16 0.12 0.60 0.24
Mn 14.7 13.7 9.61 9.92 12.0 12.7 12.7 13.6 24.0 10.3
Fe 59.2 55.5 42.8 47.0 50.8 54.7 45.0 50.9 99.1 43.6
Table 9 Extractable Metal Concentrations in Plots with
Fertilizer Addition^® (metals concentrations in ppb)
Control 10 tons 
per acre
20 tons 
per acre
40 tons 
per acre
80 tons 
per acre
1992 1993 1992 1993 1992 1993 1992 1993 1992 1993
pH 8.2 8.4 8.3 8.3 8.2 8.2 8.1 8.3 8.1 8.3
Pb 0.61 0.17 0.39 0.17 0.39 0.17 0.64 0.17 1.16 0.17
Ni 0.10 0.05 0.12 0.06 0.14 0.06 0.10 0.05 0.22 0.04
Cr 0.05 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.06 0.03
Cd 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01
Zn 0.20 0.10 0.27 0.11 0.40 0.18 0.42 0.33 7.85 0.57
Cu 0.16 0.13 0.18 0.13 0.15 0.13 0.16 0.15 0.34 0.21
Mn 11.9 13.2 9.91 8.75 8.89 6.71 8.84 6.61 13.0 6.31
Fe 47.6 53.4 40.6 40.4 35.3 34.7 36.8 33.9 66.5 32.2
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As of July 1992 the percent coverage of the plants on 
the plots (table 10) showed that the introduced species 
achieved greater coverage than the native species. The 
controls between both sets also showed an interesting 
pattern. The areas where the introduced plants were 
planted, have a greater percent coverage, by a factor of 10, 
than the control in the native plant species area. Also, in 
both of the sets (native and introduced) , the controls have 
a greater percent coverage than those of the treated 
areas.
At the end of the project in September 1993, (table 11) 
the introduced species still had a greater percent coverage 
than that found in the native species. Among the introduced 
species, the treatment with 400 lb./acre fertilizer and 10 
dry ton/acre de-inking residue exhibited the greatest 
coverage at 75.6%. At this same fertilizer rate even the 
control attained coverage of 4 9.4%, suggesting that the de­
inking residue has only a limited affect on revegetation of 
the site. Among native species plots the control had the 
highest ground coverage. At 400 lb./acre fertilizer level 
the control showed 36.1% coverage, whereas the plot with 10 
dry ton/acre de-inking residue only displayed 20.0% 
coverage.
This study showed that a combination of amendments and 
growth media were needed to increase vegetative covering.
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During the course of this experiment, additional fertilizer 
was added to increase percent coverage on areas where growth 
was limited. However, that did not change the trend that 
was observed before addition of the extra fertilizer.^*
Table 10 Percent Vegetative Cover Introduced and Native 
plant Species (July 1992)^°
Fertilizer
Rate
De-inking Residue rate (dry ton/acre)
0 10 20 40 80
Introduced Species
no
fertilizer
11.1 4.4 5.6 7.8 3.3
200 lb/acre 17.2 14.4 4.4 10.0 4.4
400 lb/acre 18.3 3.3 3.3 7.8 5.6
Native Species
no
fertilizer
1.7 0.0 1.1 1.1 2.2
200 lb/acre 1.7 0.0 0.0 0.0 1.8
400 lb/acre 1.1 3.3 2.2 1.1 4.4
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Table 11 Percent Vegetative Cover Introduced and Native 
plant Species (September 1993)^°
Fertilizer
Rate
De-inking Residue rate (dry ton/acre)
0 10 20 40 80
Introduced Species
no
fertilizer
11.7 0.6 1.1 4.4 0.6
200 lb/acre 32.8 60.0 54.4 46.7 24.4
400 lb/acre 49.4 75.6 67.8 56.7 32.2
Native Species
no
fertilizer
12.2 7.8 5.0 2.2 2.2
200 lb/acre 29.4 6.7 5.6 0.0 1.1
400 lb/acre 36.1 20.0 18.9 5.6 2.2
The metal analysis also showed that there was not a 
great difference in metals collected from the control and 
from the amended sites. This project was only able to reach 
half of the goals, a vegetative cover, set out at the 
beginning of the experiment. It was unable to control the 
leachability of metals.
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II.4 Theoretical
From the literature reviewed it can be noted that 
revegetation strategies vary. In the case of the Crown 
Butte revegetation site, a 20-year continual application of 
chemical fertilizers and buffering agents have been applied 
to create a revegetation cap with only slight success in the 
last several years of the project. From the Sandbar Creek 
and the Illinois sediment revegetation study it was shown 
that the addition of byproducts or waste (urban waterway 
sediments) have a positive affect on the revegetation and 
reduces metals in the runoff of the contaminated sites.
It was also observed that addition of chelation agents 
could have two affects on the metals in a system either to 
stabilize the metals in the soils or to enhance vegetation's 
abilities to extract the metals. Small chain organics seem 
to increase the vegetation's abilities to extract metals 
whereas as longer chain organics stabilize metals better.
From the landfill wastewater experiment, it was shown 
that agricultural byproducts could extract metals from the 
water.
In the two projects utilizing paper mill byproducts, it 
can be seen that these amendments have a positive affect in 
revegetation. The fiber clay was able to form a water 
barrier cementing in the contamination, while the de-inking
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4 6
residue project showed its usefulness in creating a 
revegetative cover.
While studying these project several things become 
clear:
1) constant application of chemical fertilizers is not 
a cost affective approach to revegetation,
2) addition of industrial or agricultural byproducts 
have a positive affect on metal reduction and 
revegetation,
3) addition of long chain organic agents to 
contaminated soils stabilize the metals,
4) byproducts from a pulp mill is useable in 
revegetation,
5) the combination of these ideas have never been used: 
addition of long chain organic chelation agents with 
revegetation amendments from a pulp mill.
This study was therefore designed to combine the best 
ideas of all the previous projects. Black liquor and 
alginate were used since they contain long chain organic 
polymers that would be useful as a stabilizing chelation 
agent. De-watered sludge, lime mud/soda ash, manure, and 
hog fuel since they should prove useful in creating a 
revegetative cap.
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III.l Greenhouse
Greenhouse experiments were performed to evaluate soil 
amendments for their usefulness in immobilizing metals and 
reducing phytotoxicity of metals in the tailings. Mine 
tailings from the Free Coin/Red Cloud and Silver Bow sites 
were placed in 4"x 1' PVC pipe planters (Figure 8). All 
treatments were done in quadruplicate to enhance statistical 
significance. One set of planters contained mine tailings 
with no soil amendments as a treatment control for this 
study.
Figure 8: 4"x 1' PVC Planter
other soil amendments Vegetative c o v e r 
Black liquor / alginate
Tailings in planter 9"
End Cap
Tygon tube Drain
47
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Fifteen combinations of amendments were first studied with 
alkaline tailings from the Free Coin/Red Cloud Mine site 
(Table 12). The amendment combinations that were considered 
to be most appropriate for acid tailings were then used in 
the Silver Bow tailings study (Table 13).
Table 12 Amendment Combination for Free Coin/Red Cloud Study
A. Black Liquor Plus...
Lime Mud
Hog Fuel
Manure
De-watered 
Sludge____
Planter #
Alginate Plus...B.
Lime Mud
Hog Fuel
Manure
De-watered 
Sludge____
12 13 1410 11Planter #
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Table 13 Amendment Combination for Silver Bow Study
Black
Liquor
X X X
Alginate X X X X
Lime Mud X X X
Hog Fuel X X X X X
Manure X X X X X
De-watered
Sludge
X X X X
Trials 1 2 3 4 5 6 7 8
Tailings were mixed with alginate or black liquor at 
the amount of 50 ml. These suspensions were allowed to 
percolate into the tailings mass. Planters were then filled 
with 2 inches of evenly mixed addition amendments. Finally, 
grass seeds were placed in the planters. Plants were 
evaluated for growth, vitality, color, and thickness once a 
week. Metal concentration in the leachate water was 
determined bimonthly. Metal residues in shoot tissues 
(copper, iron, lead, and zinc) were measured at the end of 
the study.
III.l.a Water Collection
The greenhouse research was carried out from December 
1996 through May 1997 on the alkaline tailings. Free Coin/ 
Red Cloud Mine, and September 1997 through May 1998 in the
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acidic tailings. Silver Box Mine. After the grass seeds 
germinated in the planters, water was collected from the 
drainage tube located at the bottom of the planter.
Fifty ml of tap water was added to the planters 
biweekly and allowed to settle into the bottom catch basin 
of the planter. Every other week, the water was drained 
into 125-ml Nalgene bottles. Before use, the Nalgene 
bottles were rinsed twice with tap water, once with 5% 
nitric acid, and two final rinses of deionized water. The 
sample bottles were then labeled with the name and number of 
the planter and the date collected.
Water collected from the planters was analyzed for pH 
using an Unifet pH Meter and probe 178(model UFlOO-01). The 
meter was allowed to warm up during the duration of the 
water collection, about 45 minutes. Buffers of pH 2.4, 4, 
and 10 were used to standardize the instrument prior to any 
measurements and again, as a check, after 30 samples and at 
the end of the set. If the buffers readings were not within 
± 0.1 pH units the samples were re-analyzed.
Following pH measurements, the samples were placed into 
a cooler to maintain a constant temperature before metal 
analysis. This slowed down microbial growth and chemical 
reactions that could occur in the samples.
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III.l b Grass Tissue Analysis (growth, vitality, color, and 
thickness)
The grass shoots were analyzed for growth, vitality, 
color and thickness on a bimonthly schedule.
The growth was measured using a ruler, which was placed 
on the top of the soil column and an average height was 
estimated by visual estimation of the grass growth.
Vitality was measure by a visual inspection of the 
extent to which grass filled the planter. Table 14 shows 
the breakdown for each numerical rating. For a rating of 
zero there would be no grass growth in the planter, whereas 
for a rating of 5 the planter would be full of grass growth.
Table 14 Vitality Rating for Grass
Rating Percent Coverage
5 100-80
4 80-60
3 60—40
2 40-20
1 20-0
0 0
For color analysis of the grass tissue a color scheme 
was developed to use as a comparison to the actual grass
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color in the planters. Table 15 shows the color scheme used 
in this experiment. For the ratings 3-1 there is a mixture 
of colors that were seen. For a rating of 3 there was 
yellowing of the grass shoots, but still predominantly 
green. In a 2 rating there is more yellow with less green 
in the tissues. For a rating of 1 the grass shoots are 
mostly brown.
Table 15 Color Scheme for Grass Analysis
Rating Color
5 mÊÊÊ
4 WÊÊÈiâ
3
2
. .vaBOHpS .
1
0 No plants
In thickness analysis the grass shoots width was taken 
into consideration. Table 16 explains the breakdown of the 
rating.
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Table 16 Grass Shoots Ratings
Ratings Explanation
5 Thick shoot, stands straight, 
around 1/15 of an inches
4 Around 1/17 of an inch
3 Around 1/20 of an inch
2 Around 1/25 of an inch
1 Thin wiry shoot.
0 No plants
III.l.c Grass Tissue Sampling
At the end of the greenhouse research the grass was 
collected for analysis. Grass clippings were harvested with 
plastic scissors to minimize metal contamination. The grass 
clippings were placed into plastic bags, labeled with the 
name of the planter and date collected. These were then 
stored in a -4°C freezer until analysis.
The clippings were air dried on a bench top. This 
occurred over several days in which the bags were opened and 
allowed to come to room temperature. The bags were mixed 
twice daily to aerate the samples. After the samples were 
completely dried, the weight of the dried grass sample was 
taken. The sample was then ready for acid digestion.
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111.2.a Soil and Sediment Collection
At the field test sites soils and were collected for pH 
and metal analysis. The samples were placed into plastic 
bags and labeled with site and date of collection. In the 
lab the samples were allowed to air dry with stirring twice 
daily. Once dried, the larger particles (rocks) were 
discarded and the rest subjected to acid digestion.
III.3 General Methods 
111.3.a Sample Digestion
III.3.a. 1 Acid Extractable Metals (Soils and Sediments) 35
Acid extractable metals were collected from the 
sediment and soils of the project sites. Acid extractable 
metals refer to metals that can be leached from the sediment 
or soils through simple acid extraction. These would 
represent the metals that are most likely to be leached in a 
acid mine drainage.
The most important step to prevent contamination during 
sample digestion is precleaning of the digestion bombs.
These are Teflon-lined vessels (CEM Corp.), for high- 
pressure digestion. Each part of the digestion bomb was
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washed thoroughly with distilled water and dried. After 
drying, nothing was allowed to come into contact with the 
inner Teflon tube or cap.
The sediments were weighed on an analytical balance 
accurate to O.OOOlg. A 2.0-gram soil sample was precisely 
weighed and placed into the digestion vessel. Then 10 mL 
HNO3 (analytical grade) , 5 mL distilled water, and 2 mL HCl 
were added into the Teflon cup. The cap was securely 
tightened to form a strong seal.
The bombs were agitated and left standing for twenty- 
four hours. Afterwards, the top cap of the digestion bomb 
was slowly loosened to release any pressure that had built 
up.
Digested samples were filtered through 40-grade filter 
paper (Whatman) into 100-mL volumetric flasks. The funnels 
and flasks were washed thoroughly before and between each 
run with distilled water. To avoid contamination soap was 
not used.
When the digestion bombs had cooled, the lids were 
carefully opened to release residual pressure in the bombs. 
Particles were rinsed off the Teflon lid into the container. 
The solution was poured from the Teflon container into 
filter funnels prepared as above. All undigested sediment 
was washed into 100-mL volumetric flasks with distilled 
water, filled to the mark.
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Filtered digested samples were stored in 125-mL square 
Nalgene bottles. Prior to holding a sample the bottles were 
rinsed twice with distilled water, and once with a 10% HNO3 
solution. Bottles were rinsed with a small portion of the 
sample solution before adding the bulk of the filtered 
sample.
Reproducibility and quality assurance were addressed by 
including two acid blanks and six duplicates with each set 
of 48 digestions.
After several runs, digestion bombs were subjected to a 
more rigorous cleaning. For this, 5 mL HNO3 (analytical 
grade) and 10 mL distilled water were added to the bomb for 
twenty-four hours. This cleaning step helped release 
contaminants sorbed to the bomb. Another cleaning procedure 
was needed to remove a yellow ring caused by the acid 
solutions in the Teflon container over time. To eliminate 
the ring, the bombs were soaked in distilled water for about 
a day, and then oven dried at 65 °C.
III.3.a.2 Plant Digestion
Digestion of the plant samples employed a protocol 
similar to sediment except for the following differences:
For plant digestion, only 0.5 grams of dried plant 
tissue was weighed and placed into the digestion vessel.
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Then 10 mL of HNO3 was added and the cap tightly sealed onto 
the container. The sample was allowed to sit for 6 hours 
before placing it into a 30“ C water bath. The bombs were 
immersed in the bath for 30 minutes, then taken out and 
allowed to cool for 3 hours. This process was then repeated 
two more times.
Following digestion, the samples were filtered and 
diluted to 50 mL exactly as outlined in the section on 
sediment digestion. Reproducibility was evaluated by 
conducting duplicate analyses of plants, when sufficient 
tissue was available.
Xll.S.b Graphite Furnace
Graphite furnace analysis was performed with a Perkin 
Elmer 2100 furnace and a Perkin Elmer HGA 700 control. 
Samples were injected using a Perkin Elmer AS 700 auto­
sampler. The whole system was controlled by an IBM Personal 
System 2 (model 507) . The system outline and procedures 
were followed according to the Perkin Elmer manuals for 
zinc, lead, copper, and iron analysis.
The graphite furnace AA was used to analyze acidified 
planter leachate. Standards were made to establish a linear 
relationship between concentration and peak height.
Standards were prepared using a commercial 1000-ppm stock
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solution {VWR Scientific or EM Industries). At least three 
standard solutions were employed to get the linear 
relationship (usually an acid blank, 5 ppb, and 10 ppb 
standards). Occasionally, it was necessary to run higher 
standards.
The samples and standards were introduced as 15 jiL 
injections performed by the auto-sampler under computer 
control. When samples concentrations fell outside the range 
of the standards, manual dilutions were made and the samples 
re-analyzed.
The initial step of an analytical run utilized a set of 
standards. Close attention was paid to reproducibility—  
only a 10% difference between duplicates were accepted. 
Because of the linear relationship, the 10-ppb standard peak 
height was checked to see if it was double that of a 5 ppb 
standard.
Following successful completion of the set of standards 
analysis of actual samples commenced. Duplicate analysis 
was performed during the initial analysis (two runs per 
sample) and a separate duplicate analysis at the end of each 
set until to insure less than a 10% difference. If the 
number of replicate injections exceeded five, then the 
standards were reanalyzed to insure the instrument had not 
drifted. As added quality assurance, one of the standards 
was rechecked after every five complete samples.
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Special attention was taken to prevent cross­
contamination of these samples. Only about 3 mL of sample 
was added to the plastic autosampler vials to prevent 
spillage into an adjacent compartment. The condition of 
the graphite tube was frequently examined. If the tube 
showed signs of wear or cracking, it was replaced before 
starting a new series. As part of the normal cleaning 
protocol, the tube was washed with distilled water after 
each analytical series. This reduced residue on both the 
outside and inside of the tube.
III.3.C Flame A.A.“
After the samples had been digested, they were ready 
for flame Atomic Absorption (A.A. ) analysis. The instrument 
used in this study was a Solar 656 model. Sediment, 
tailing, and plant digestion analysis was conducted on this 
instrument for zinc, lead, iron, and copper.
The set-up and running procedures utilized for the 
flame A.A. were taken from the Solar manual.Special 
attention was paid to keep standard solutions within the 
linear relationship response range. Spot checks were made 
to confirm that a linear relationship for standards was 
upheld. A 0.25-ppm with half the absorbance numbers of a 
0.50-ppm, and around one third of a 0.75-ppm standard.
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The method was also used to evaluate the precision and 
accuracy of the flame A.A. Duplicates of samples were done 
in a ratio of 42 samples to 6 duplicates.
The working range for the flame A.A. was established by 
preparing standards between 0.5 ppm and 0.25 ppm. Initial 
sample responses were graphed to confirm linearity. Samples 
with absorbance values below 0.004 were not retained. The 
lowest standard above the peak-to-peak background (0.06 abs) 
noise level was considered to be the detection limit for the 
flame A.A. The detection limits accepted for the metals 
reported herein are as follows:
Table #17 Detection Limits for Flame A.A.
Metal ppm (mg/L) ppm (mg/kg)*
Zinc 0.5 ppm 25
Lead 0.5 ppm 25
Copper 0.5 ppm 25
Iron 0.5 ppm 25
*This is calculated for a 2-gram sample.
Standards of 0.25, 0.5, 0.75, 1.0, 2.0, 5.0, and 10.0 
ppm were made by adding aliquots of a 100-ppm stock solution 
to 100-mL volumetric flask. Each flask held 10 itiL HNO3 
(analytical grade) for acidification. Acid blanks were made 
from lO-rtiL HNO3 and 90 mL double distilled water.
Linear equations were calculated by performing a linear 
regression on the absorbance readings from the standards.
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These were used to find concentrations of the samples (in 
ppm) (mg/L). For conversion into mg/kg values, the 
following two relationships were used:
(Sample (mg/L))*(100 mL dilution/1000 mL/L) =(mg sample)
(mg sample)/ (weight of sample used)* (lOOOg/kg)= ppm(mg/kg).
11%.3.d pH and Buffering Capacity^^
The pH of the soil and amendments (lime-mud, black 
liquor, alginate, manure, and de-watered sludge) was 
analyzed in the laboratory with a Unifet pH meter.
For analysis of the soil and amendment pH, suspensions 
of each had to be prepared (Table 18). The weighed solids 
were mixed with deionized water and measured promptly 
thereafter.
Suspensions of the amendments as described in Table 18 
were also used in the buffering capacity analysis. A 50-mL 
portion of a suspension was placed in a 300-mL Erlenmeyer 
flask. Hydrochloric acid (1.0 molar) was used to titrate 
the sample in the flask. Each titration was done in 
duplicate.
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Table 18-pH analysis Concentrations
Item Amount Used Water of Dilution
De-watered Sludge 14.5615 g 250 mL
Manure 22.2039 g 250 mL
Lime Mud + Ash 3 g 250 mL
Black Liquor 10 mL 50 mL
Alginate 0.577 g 50 mL
Free Coin/Red Cloud 
mine tailings
5 g 10 mL
Silver Bow tailings 5 g 10 mL
III.3.e NMR Analysis of Black Liquor.34
A 400 rtiHZ Varian FT-NMR was used to examine the nature 
of the chelation between black liquor and two of the metals 
of interest. The system was controlled by a Sun 
workstation. The nucleus studied was the (100 MHz 
resonance frequency) and D2O was the solvent. Samples of 
soluble zinc and lead compounds were dried in an oven for 
one day at 55°C to insure complete dryness. Metals were 
combined with the 10 mL of the black liquor to 
concentrations of (0.01, 0.05, and 0.1).
A DSS (3-(trimethylsilyl)-1-propanesulfonic acid) 
standard of known NMR peaks was run to lock in the system so
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that the chemical shifts of black liquor could be 
determined. Next a NMR spectrum of the parent black liquor 
material was collected. Finally, spectrum was obtained for 
the three concentrations of metal and black liquor samples. 
Metal-containing spectra were compared with the parent 
material spectra to quantify peak suppression, and chemical 
shifts of peaks that might indicate bonding with the metals.
IIX.3.£ Mlnteq Mbdeling
Minteq 3.11 is a geochemical model used to calculate 
equilibrium concentrations of components in an aqueous 
system. It includes sorption, solid phases, saturated 
states, and precipitation of metals at equilibrium. The 
Minteq model was used with the data collected in section
IV. 3 to confirm with thermodynamic calculations the observed 
effects of the amendment combinations.
Input to the model was the metal concentrations 
recorded in both the alkaline and acidic soils used in the 
greenhouse study along with the pH of the leachate collected 
from the planters.
Several parameters were not input into the system —  
since they were not found in the actual research. These 
included CaCOa concentration, organic concentration, 
temperature, and redox potential.
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IV. Results and Discussion
The results and discussion of the experiments performed 
in this study have been organized into five areas: 1) 
amendments, 2) alkaline tailings (Garnet Site), 3) acidic 
tailings (Silver Bow Site), 4) NMR, and 5) comparative 
computer modeling.
IV. 1 Soil Amendment Analysis
All amendments utilized in this study have been 
previously identified (see section 1.3). Analysis was 
conducted to determine the pH, buffering capacity, and acid 
leachable metal concentrations of the amendments —  
alginate, black liquor, lime mud/soda ash, de-watered 
sludge, manure, and hog fuel.
IV.1.a pH of Soil Amendments
To determine the pH of the amendments, a slurry of each 
was prepared in deionized water (Table 19) . Black liquor 
demonstrated the most alkaline pH of the amendments studied 
and can be attributed to the carbonate residue from the 
Kraft pulping process. However, lime-mud/soda ash, de- 
watered sludge, and manure also had pH's greater than 8.
64
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Table 19 pH Analysis of Amendments
Amendments Concentrations 
Amendment/water
pH Buffering
Capacity
Black Liquor 10 mL / 50 mL 11.62 125 mL IM 
HCl
Lime-Mud 3g/250 mL 9.96 708 mL IM 
HCl
De-watered Sludge 14.7g/250 mL 8.59 77.3 mL 
IM HCl
Manure 22.2g/250 mL 8.55 31.5 mL 
IM HCl
Alginate 0.577g/ 50 mL 7.11 0.5 mL 
O.IM HCl
IV. 1 .b Buffering Capacity of Amendments
Slurries prepared as in table 19 were used in the 
buffering capacity analyses. The behavior of each 
amendment, as it was titrated with HCl, is displayed as: 1) 
a traditional titration plot, 2) a 1®̂  derivative titration 
plot, 2) a 2"'* derivative plot, and 3) a gran plot. Since 
the black liquor had the highest pH, it was assumed that it 
would also have the greatest buffering capacity of all the 
amendments (figures 9-11). From the titration plot a
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triprotic system can be seen, which is further illustrated 
by the first and second derivative of the titration plot, 
showing 3 areas of equivalence in the system. From the Gran 
plot, it can be seen that »25 mL of 1 M HCl were required to 
completely neutralize the black liquor. Calculations, based 
on the dilution present in the slurry, reveal that full- 
strength black liquor should have the ability to neutralize 
125-mL of 1 M HCl.
Figures 12-19 shows the buffering analysis results for 
the other amendments (lime mud/soda ash, manure, and de- 
watered sludge.
The alginate had a very low buffering capacity, going 
from pH 7.11 to 3.7 9 with only 0.5 mL of 0.1 M HCl.
The lime mud/soda ash titration (Figure 14-12) showed 
similarities to that of the black liquor, which was to be 
expected since the lime mud/soda ash also had a high 
carbonate concentration. Lime mud/soda ash did display a 
larger buffering capacity than that of the black liquor, 
708-mL IM HCl/g lime mud/soda ash.
Composted manure was also analyzed for its buffering 
capacity (Figure 15-16). Its buffering capacity is probably 
due to bicarbonate since the buffer plateau was established 
around pH 6.5. The manure showed a normal monoprotic 
titration plot, with a buffering capacity of 31.5-mL 1 M 
HCl/g manure.
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The titration of the de-watered sludge could have also been 
dominated by reactions of bicarbonate with the HCl. The de- 
watered sludge also displayed a monoprotic acid titration 
curve with one equivalence point. The buffering capacity 
was 77.3-mL 1 M HCl/g de-watered sludge.
XV.l.c Acid Leachable Metal Concentrations of Amendments
The acid leachable metal concentrations were analyzed 
by Flame AA. Alginate was not characterized since the 
supplier reported its metal concentration.
Composted manure showed the highest leachable metal 
concentrations of zinc, iron, and copper. Since zinc, iron, 
and copper are all micronutrients needed for biological 
functions, this is not unexpected. The leachable 
concentration of metals in the black liquor and de-watered 
sludge could be due to metal loading in the trees or 
recycled boxes that were processed in the Stone Container 
plant. Lime mud/soda ash had the lowest metal concentration 
of the amendments studied. Since this amendment was just 
made up of lime (calcium carbonate) and some carbon fly ash 
(table 1 and 2) , low concentrations of the four metals 
studied are reasonable.
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IV.2 Alkaline Tailings Greenhouse Stuc^ (Garnet Site)
In this section the greenhouse study of the Free 
Coin/Red Cloud mine tailings will be discussed. The section 
is broken down into several parts, 1) tailing analysis, 2) 
control planter, 3) alginate amended planters, and 4) black 
liquor amended planters.
rv.2.a Free Coin/Red Cloud Site Analysis
Tailings collected from the Free Coin/Red Cloud site 
near the Garnet Ghost Town were used in the first 
investigations of soil amendments. The site was 
characterized for plant populations and tailings and 
sediments were analyzed for leachable metals and pH.
IV.2.a.i Plant Populations at Free Coin/Red Cloud Site
Tangi Meyer, a graduate student in Environmental 
Science, University of Montana, Missoula conducted a study 
of plant populations at the Free Coin/Red Cloud mine in 
September 1996 (Table 20). During this same period, 
photographs were taken to document the site (pictures 1-3). 
Table 20 shows the variety of plants that were found on this 
site. From the photographs it is evident that even around
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the leach pond, there were areas of medium density plant 
growth. From this visual interpretation, this appeared to be 
in need of only minimal remediation. Establishment of a 
vegetative cover over the tailing piles would prevent 
erosional runoff from further contaminating surface waters.
Table 20 Survey of Plants located at Free Coin/Red Cloud 
Mine Site
Stinging Nettle
Yarrow
Raspberry
Pearly Everlasting
Rocky Mountain Maple
Thimbleberry
Douglas Fir
Fi reweed
Juniper (growing above retention pond)
Aspen
Gooseberry
Cottonwood
Willow (growing on mud flat where retention water runs 
_____through_)___________________________________________
Sedge
Aster
Mullen (non-native growing all over tailings)
Strawberry
Schooler Willow
Chokecherry
Lodgepole Pine
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Photos 1-3 (top site of collection, leach pond, 
tier of Free Coin/Red Cloud Mine Site)
and first
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IV.2.a.il Leachable Matais amd pH of Tailing Piles
Tailings were collected from different areas around the 
site to make four composite samples. Sediment was collected 
from the leach pond and seepage from the mine located above 
the leach pond. Samples were analyzed for acid extractable 
metals and pH (Table 21).
Table 21 Sediments and Tailings Analysis from Free Coin/Red 
Cloud Mine.
Sample Concentrations (ppm)
pH Iron Lead Copper Zinc
Site l' 8.5 13383 81 131 71
Site 2* 8.4 13640 61 95 85
Site 3* 8.5 14285 78 281 79
Site 4' 8.2 14446 96 124 74
Sed. Seep 5.6 51823 29 1570 81
Pond Inflow 7.3 5488 24 27 38
Pond Outflow 8.2 10419 21 51 130
2nd Tier Pond 8.6 9282 13 69 56
*sites 1-4 were composite grab samples from the tailings 
piles used as collection sites for greenhouse study 
planters.
Sediments and soils collected at this site show high 
concentrations of iron, over a 100 times greater than the 
other metals studied. The iron concentration varied from a 
high of 51,823 ppm in the seep sediment to 9,282 ppm in the 
2“*̂ tier pond area. Even the tailings piles, from which the 
planters were filled, showed higher levels of iron than any
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of the other metals, averaging about 13,900 ppm iron. This 
is not surprising since iron is the most common metallic 
element in the earth's crust.
The site's high alkalinity can be readily seen in the 
pH measurements. Even at the seep, the pH was not nearly as 
acidic as is common in acid mine drainage. Overall, the pH 
averaged 8.3 throughout the disturbed areas.
IV.2.b Control Planter (Free Coin/Red Cloud Mine)
Planters in the alkaline tailings portion of the study 
were seeded with 0.5 cups of a commercial seed mix (Table 
22). They were allowed to grow from November, 1996 to May, 
1997. Each planter was subsequently analyzed for growth, 
biomass, color, thickness, vitality, effluent metal 
concentration and pH, and tissue metal concentration.
IV.2.b.i Control Plant Growth (Free Coin/Red Cloud Mine)
Measurement of growth was taken most weeks beginning in 
December 1996 (Figure 29). The maximum growth attained by 
the control was observed in March 1997 —  7 inches. 
Afterwards, there was a slight decline in the height of the 
grass.
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At the end of the study grass was harvested from each 
planter set. In the control planters a total of 0.2485 
grains dry weight of grass was harvested.
Table 22 Grass Seed Compositions
Grass Seed Mix % by Weight %Germination
(Manufactures
Statement)
Kentucky Blue Grass 39.97 85
Belle Perennial 
Ryegrass
24.65 90
Pennlawn Red 
Bluegrass
19.85 85
Haga Kentucky 
Bluegrass
14.5 85
Other seed 0.03
weed seed 0.05
inert matter 0.65
*0.5 cups of seed material was added to each planter
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IV.2.b.ix Control Plant Vitality, Color, and Thickness 
(Free Coin/Red Cloud Mine)
A trend was observed among the three characteristics of 
plant vitality, plant color, and plant thickness. A planter 
that had high color exhibited better thickness in plant 
shoots and higher vitality. Overall, out of the four 
replicates in this set, planters 1, 2, and 3 were very 
similar in all three categories. Planter 3, though, was 
consistently lower (photos 4-7). This could have been 
caused by microclimate effect (amount of light that planter 
got compared to the other three planters in that group), 
temperatures (at times there were variances in temperature 
around the greenhouse), effluent drainage problems, or the 
specific tailing composition.
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Photo 4-7 (Dec. 1996, Jan. 1997, Feb. 1997, April 1997)
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IV.2.b.ill pH of Effluent from Alkaline Control Planters
The pH of the alkaline control planter effluent (figure 
28) shows that the average pH of the system was around 7.5, 
almost neutral.
When the pH of the effluent was more alkaline, higher 
concentrations of zinc and lead were observed in the 
effluent. When the effluent was less alkaline, the iron and 
copper concentrations were at their highest. This was due 
to the pH effects on solubility of these metals (discussed 
in the modeling section). Thus, trends in the pH data help 
explain trends exhibited in the metal concentrations of the 
effluents.
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IV.2.b.XV Matai Concentrations in Effluent of Alkaline 
Control Planters
Metal concentrations in the effluent from the alkaline 
control planters (figures 29-32) did not show high 
concentrations of metals that might be expected from 
untreated mine spoils. This may be explained by the natural 
alkaline conditions of the soil, which had already 
neutralized the acid leaching of the tailings.
The concentrations did show an interesting trend of 
highs and lows, however, for iron and copper these trends 
are very similar; when one was high, so was the other. Both 
of these metals were low during the first analysis, rose 
over the next two weeks, and then started a two-week 
decline. This wave-like behavior continued throughout the 
course of the study.
Zinc and lead demonstrated a similar characteristic, 
but the wave was out of phase compared to the iron and 
copper wave. Both zinc and lead started off high in 
concentration, then dropped for two weeks. This periodic 
fluctuation was noted throughout the course of the study.
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IV.2.b.v Métal Concentration in Alkaline Control's Plant 
Tissues
Plant tissue analysis did show some of the trends that 
were expected in mine impact sites (figure 33). Iron, 
copper, and lead concentrations found in the control plant 
tissues were high compared to treated planters (discussed 
later).
Since iron was the most abundant metal in the tailings, 
it was expected to also exhibit the highest concentration in 
the plants. Lead was second in concentration in the plant 
tissues. This is interesting since high concentrations of 
lead can impact growth and development plants. From 
observations of plant growth, color, vitality, and thickness 
plants in the alkaline control did not show serious impacts 
from the metals or pH.
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IV.2.c Alginate Treated Alkaline Planters
Alkaline planters discussed in this section were 
treated with alginate along with various combinations of hog 
fuel, de-watered sludge, manure, or lime mud. These 
planters were analyzed in the same manner as previously 
reported for the control planters. As before, the 
discussion order is: i) growth; ii) vitality, color, and 
thickness; iii) pH; iv) metal concentration in effluent, and 
V) metal concentration in plant tissue.
rv.2.c.i Alginate-Treated Alkaline Planter's Growth/Biomass
A majority of alginate-treated alkaline planters 
attained maximum growth (i.e., shoot length) by January 
1997. Exceptions were planters with treatment combinations 
AHMD, AHM, and ALHMD. These planters continued to grow for 
most of the study period, attaining a maximum growth during 
April 1997. The AHM and the ALHM planters achieved the best 
shoot length of all alginate-treated alkaline planters in 
this study —  about 14 inches.
Grass biomass followed the same trend as shoot length. 
Planter groups A, AHD, and ALH yielded less than 0.1 grams
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of dried grass biomass in the planters. The remaining 
planter groups had the following trend in biomass:
ALHM > AHM > ALHMD > AHMD
Note that all of these planters contained manure.
IV.2.c.xi Alginate Planters Vitality, Color, and Thickness
Trends in vitality, color, and thickness found in the 
alkaline control planters were also observed in the 
alginate-treated planters. Amendment combinations that had 
good vitality also had high color and thickness 
contributions (figures 36-38). The ALHM and AHM planters had 
the best vitality, color, and thickness among alginate- 
treated planters. This was not surprising since these two 
planters also attained the best growth of this subset. This 
is easily seen in the photos (8-14) taken during April 1997. 
The ALHM and AHM planter treatments exhibited the best 
overall growth, vitality, color, and thickness of grass 
shoots of the alginate-treatments.
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Photos 8-11 Alginate-treated Planters April 17, 1997 
(counter clock-wise order) A, ALHM, AHM, AHLM
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Photos 12-14 Alginate-treated Planters April 17, 1997 
(counter-clock wise order) AHMLD, ALH, AHD
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IV.2.c.ill. pH Analysis of Alginate-Treated Alkaline 
Planters
Figure 39 and tables 23 show the pH distribution in 
alginate-treated alkaline planters over the study period.
Not much variation in the pH was seen between different 
amendment combinations. AHMD and ALHM planters had the most 
statistically differentiable pH's compared to that of the 
control planters (table 24). On the March 25, 1997 
collection date, contamination from the acid-wash solution 
used in cleaning collection bottles resulted in anomalously 
low pH readings. The distinct acid pulse, which the 
contamination contributed, is easily seen in the overall 
data set.
IV.2.c.iv Metal Concentration of Alginate Planters
Figures 40-43 show metal concentrations measured in the 
effluent of the alginate-treated alkaline planters. An 
increase in iron and zinc concentration on March 15, 1997; 
affected pH readings. The data from this sampling date 
should be accepted with caution.
The average iron concentration in the effluent of 
alginate-treated alkaline planter sets figure 45 and table
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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25 range between 20 and 25 ppb. On Feb. 1 and 20, 1997, the 
control planter metal concentration was greater than that of 
most of the amended planters. In the effluent analysis for 
March 15 and 27, 1997, the control planter's average iron 
concentration was less than that of the amendment planters. 
Thus the amendments ultimately worsened the leachability of 
metals from the alkaline tailings.
Table 27-28 and figure 4 6 hold the zinc concentration 
measured in the effluent of the alginate-treated alkaline 
planter sets. The ALHM had the best statistical lowering of 
the zinc concentration in the effluent compared to that of 
the control (table 28).
The copper concentration of the alginate-treated 
alkaline planter effluent was between 25 and 35 ppb (table 
29-30, figure 47), consistently higher than that found in 
the control planter effluent (between 5 and 10 ppb). The 
increased copper concentration in the effluent could have 
been caused by increased bioactivity in the alginate-treated 
alkaline planter. Copper is a micronutrient in biological 
systems; so an increase in biological activity could 
increase copper concentration in the soil column. 
Alternatively, soil amendments could contribute to the 
formation of additional colloidal complexes.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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The lead concentration in the effluent of the alginate- 
treated alkaline planters (table 31-32 and figure 43) was 
very low. The difference between the control and the 
alginate planters in lead concentration was insignificant 
because all the concentrations of lead in the effluent were 
between 2 and 10 ppb.
Overall the metal concentrations in the effluent of the 
alginate-treated alkaline planters showed little statistical 
difference from those of the control planters. This was 
probably due to the pH of the system being already between 
7.0 and 8.0 for all the planters in the alkaline tailings 
set, which limits the amount of improvement that can be 
driven by altering solutions to the neutral range.
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IV.2.C.V* Metal Concentration in Alginate-Treated Alkaline 
Planter Plant Tissue
The plant tissue collected from the alginate-treated 
alkaline planter set showed a varying amount of metals in 
the plant tissue depending upon the amendment combination. 
Plants from the alginate-only planter had higher 
concentrations of iron and copper than in treatments that 
had alginate plus additional amendments. The planter with 
AHD (alginate, hog fuel and de-watered sludge) had the 
highest zinc concentration and the AHM (alginate, hog fuel, 
and manure) had the highest lead concentration. The ALHM 
(alginate, lime mud, hog fuel, and manure) and the ADHM 
(alginate, de-watered sludge, hog fuel, and manure), on 
average, was the best for keeping uptake of metals into 
plant tissues low.
Alginate treatment of soils was inconclusive with 
respect to keeping metals unavailable to plant uptake. 
Compared to the control planter's plant tissue, the alginate 
set displayed higher concentrations of iron (in the alginate 
only planter) and zinc (in the AHM planter). The control, 
however, did contain a higher concentration of copper and 
lead in the plant tissues compared to the alginate set.
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Table 33 Mean and Standard Deviation of Iron Concentration
Plant Tissue Analysis
Planters Iron (ppm) Mean ±
Cl 825 2127 1452
C2 1827
C3 4204
C4 1650
A1 7589 4760 1921
A2 3809
A3 4267
A4 3376
AHDl 393 390 236
AHD2 108
AHD3 374
AHD4 686
AHMl 108 145 44
AHM2 110
AHM3 162 i
AHM4 ^ 199
ALH2 430 373 81
ALH4 315
ALHMl 215 194 21
ALHM2 174
ALHM4 194
ALHMDl 81 189 73
ALHMD2 231 11
ALHMD3 208 1
ALHMD4 236 r1
AHMDl 714 348 319
AHMD2 125
AHMD3 206
Table 34 Probability from a 1 tail t-test, 95% Confidence
A 0.03565207
AHD 0.02813524
AHM 0.01713715
ALH 1
ALHM 0.03719337
ALHMD 0.01863729
AHMD 0.04860985
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Table 35 Mean and Standard Deviation of Zinc Concentration
in Plant Tissue of Alginate-Treated Alkaline
Planters Zinc Mean
5987Cl 113
C2 27
C3 51
157C4
3770.5 52A1
A2 46
A3
88A4
262177AHDl 19
AHD2
AHD3 563
115AHD4
22AHMl 25 33
AHM2 55
AHM3
AHM4 47
21ALH2 32
ALH4
173 177ALHMl
ALHM2 376
49.4ALHM4
2124 27ALHMDl
ALHMD2 25
ALHMD3 56
ALHMD4
55117 57AHMDl
AHMD2 45
AHMD3
Table 36 Probability from a 1 tail t-test, 95% Confidence
A
AHD
AHM
ALH
ALHM
ALHMD 0.05
AHMD
*blank cells represent <95% Confidence
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Table 37 Mean and Standard Deviation of Copper Concentration 
in Plant Tissue of Alginate-Treated Alkaline Planters.
Plant Tissue Analysis
Planters Copper Mean ±
Cl 22 41 39
02 16
03 98
04 26
A1 79 57 26
A2 42
A3 28
A4 80
AHDl 7.5 24 21
AHD2 17
AHD3 54
AHD4 16
AHMl 13 29 26
AHM2 16
AHM3 19
AHM4 67
ALH2 12 14 3
ALH4 16
ALHMl 37 34 11
ALHM2 43
ALHM4 22
ALHMDl 9.4 18 9
ALHMD2 29
ALHMD3 20
ALHMD4 13
AHMDl 11 19 14
AHMD2 11
AHMD3 35
Table 38 Probability from a 1 tail t-test, 95% Confidence,
A
AHD
AHM
ALH
ALHM
ALHMD
AHMD
'blank cells represent <95% Confidence
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Table 39 Mean and Standard Deviation of Lead Concentration in 
Plant Tissue of Alginate-Treated Alkaline Planters.
Plant Tissue Analysis
Planters Lead (ppm) Mean
633 179 304Cl
C2 10
C3 72
C4
A1
10A2
A3 13
A4
2018AHDl
AHD2
AHD3 47
18AHD4
27 28AHMl 19
AHM2
AHM3 20
AHM4 67
32ALH2 35
28ALH4
22 19ALHMl 44
ALHM2
12ALHM4
28 2423ALHMDl
ALHMD2 25
ALHMD3 60
ALHMD4
AHMDl
AHMD2
20AHMD3
Table 40 Probability from a 1 tail t-test. 
Level N degrees of freedom
95% Confidence
A
AHD
AHM
ALH
ALHM
ALHMD
AHMD
♦blank cells represent <95% Confidence
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
1 4 1
■P
G
tSri
Pi
a
U
9PC
9iH
Pi
9
•P
9
G
< 9
G
G CD •H CD •H ^  E< SOi0|
coH
■P
9H
P
COo
GOu
•o
9
9
ooooo ooo oo
aS
X
<
a
X
X
s
Xij
<
X
ak«4Jc«
S
X<
a
X
<
# <
(mdd) p»er
4-)CmrH
C L
m
"L,0)
c
(T3'—HCL
euC
m
•O(U
4-1fC(UL|
E-*
I(U
4JfO
c
• Henf-H
<
c
ECLa
mCl
4-1
c
tuü
coo
X5m(Ut-CI
r~
euCl3en
eu3
enen
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
1 4 2
IV.2.d Blade Liquor Treated Planters
Alkaline planters discussed in this section were 
treated with black liquor along with various combinations of 
hog fuel, de-watered sludge, manure, or lime mud. These 
planters were analyzed as previously described. The 
discussion order is: i) growth/biomass, ii) vitality/ color/ 
thickness, iii) pH, iv) metal concentration in effluent, and 
v) metal concentration in planter tissue.
IV.2.d.l Plant Growth/Biomass in Black Liquor-Treated 
Alkaline Planters
Among the black liquor-treated alkaline planter group, 
the maximum growth was not attained until March 1997 on 
average. This was two months later than with the Alginate- 
treated alkaline planters. The BHMD (black liquor, hog 
fuel, manure, and de-watered sludge) planter showed the 
greatest growth in this group with a shoot length of nine 
inches. The worst planter treatment for growth in this 
group was the black liquor control planter that had very 
little growth —  only reaching a height of two inches before 
dying off. Photographsl5-21 show each of the planters sets 
in this group at the end of the study, April 17, 1997.
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As in the alginate-treated alkaline planter set the B, 
BHD, and BLH planter groups had less than 0.1 grams of 
biomass. Consistent with alginate-treated alkaline planters, 
too, the black liquor-treated alkaline planter with the best 
growth generated the most biomass. The biomass trend among 
the better planters was:
BHMD > BLHM > BHM > BLHMD
Again, the manure amendment is common in all of these 
planters.
IV.2.d.ii Black Liquor Plamters Vitality, Color, and 
Thickness
Planters that had good growth also showed better 
vitality, color, and thickness compared to ones that had 
poor growth. This trend was observed throughout the black 
liquor-treated alkaline planters. The black liquor 
planters, however, did not fair as well as the alginate- 
treated alkaline planters (e.g. 12 vs. 14 in color). The 
BHMD (black liquor, hog fuel, manure, and de-watered sludge) 
planter received the best average scores in all three 
categories assessed.
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IV.2 d.iii pH Analysis of Black Liquor-Treated Alkaline 
Planters
Figure 53 and tables 41-42 show the pH distribution for 
the black liquor-treated alkaline planter effluent during 
the study period. Black liquor-treated alkaline planters 
had a more alkaline pH than either the control or the 
alginate amended sets. This was expected because of the 
alkalinity of the black liquor (pH > 12) . On average, this 
planter set had a pH greater than 8.5.
IV.2.d.iv Metal Concentration in Black Liquor-Treated 
Alkaline Plamters
The metal concentration in the black liquor-treated 
alkaline planter's effluent was higher than in the alginate- 
treated alkaline planters (figures 54-58 and tables 43-50). 
Of this set, the BHLM (black liquor, hog fuel, lime mud, and 
manure) planter had the lowest overall metal concentration; 
except for early spikes in copper and the iron 
concentrations.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
1 4 5
I
Photos Black Liquor-Treated Alkaline Planters 15-19 April 
17, 1997 (starting top left counter-clock wise) BLHMD, B, 
BDHM, BLHM
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Photos 19-21 Black Liquor-Treated Alkaline Planters April 
17, 1997 (starting top left counter-clock wise) BDH, BLH, 
BHM
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On average the iron concentration in the effluent of 
the black liquor-treated alkaline planters was higher than 
that found in the control and alginate-treated alkaline 
planteras effluent (table 43-44). This could be due to the 
high chelation ability and mobility of the black liquor 
through the planter column.
Zinc concentration in the black liquor-treated alkaline 
planter's effluent was also higher than that found in the 
alkaline control and alginate-treated alkaline planters 
(tables 45-46 and figure 55) . This could be attributed to 
the pH of the solution («8.0).
Copper concentration in the black liquor-treated 
alkaline planter effluent was higher, on average than that 
found in the alginate-amended and control planters (table 
46-48 and figure 56). Since the growth in the majority of 
alkaline black-liquor-treated planters was better than that 
found in the control, as in the alkaline alginate study, 
could be a manifestation of the bioactivity of the grass in 
the planters.
Lead concentration in the effluent of black liquor- 
treated alkaline planters was higher than those found in any 
of the other planter sets (table 4 9-50 and figure 57). The 
BLHM amendment combination set had the lowest overall lead
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concentration average than the entire black liquor-treated 
alkaline planters.
ZV.2.d.v Metal Concentration in Plant Tissue of Black 
Liquor-Treated Alkaline Plant
Figures 58-61 and tables 51-58 records the meral 
concentrations in plant tissues from the black liquor- 
treated alkaline planters. The metal concentration in the 
plant tissues was lower than that obtained in the control 
planters.
The iron concentration in the plant tissue was 
statistically lower (at the 95% confidence level) only in 
the BHM and BHMD planters. Compared to the rest of the 
black liquor amended planters, the BHD combination had a 
worst correlation between growth, vitality, color, 
thickness, and metal concentration. The only amendment 
combination that was worse than the BHD combination was the 
black liquor only (control) planter.
The BLH amendments had lower zinc and lead 
concentration in the plant tissues than that found in the 
alkaline control. Only the BHM planter had a significantly 
lower copper concentration in the plant tissue than the 
alkaline control.
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Table 51 Mean and Standard Deviation of Iron (ppm) in Plant
Tissue of R1 aclc-T.i qiior Alkaline Planters
Planters Iron (ppm) Mean ±
Cl 825 2127 1452
C2 1827 '
C3 4204
C4 1650
BLHl 157 617 424
BLH3 704
BLH4 991
BHMl 116 95 25
BHM2 68 1
BHM3 101 !
BLHMD2 317 712 719
BLHMD3 1541
BLHMD4 277
BHDl 2905 1737 1016
BHD2 1620
BHD3 1977
BHD4 447
BHMDl 63 131 101
BHMD2 89
BHMD3 91
BHMD4 281
BLHM2 1034 445 510
BLHM3 174 i
BLHM4 128 I1
Table 52 Probability from a 1 tail t-Tesr, 95% confidence
Level, N degrees of Freedom
T-Test for Alkaline Tailings j 
Plants Iron I
BLH 1
BHM 0.032
BLHMD
BHD
BHMD 0.016
BLHM i
Empty Cells represent confidence level < 95%
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Table 53 Mean and Standard Deviation of Zinc (ppm) in Plant
Tissue of Black T.iqvior-Treated Alkaline Planters
Plant Tissue Analysis
Planters Zinc(ppm) Mean ±
Cl 113 87 59
C2 27
C3 51
C4 157
BLHl 8.9 42 42
BLH 3 28
BLH4 89
BHMl 17 25 8
BHM2 32
BHM3 26
BLHMD2 12 101 109
BLHMD3 69
BLHMD4 222
BHDl 134 171 120
BHD2 160
BHD3 338
BHD4 53
BHMDl 26 42 28
BHMD2 77
BHMD3 52
BHMD4 13
BLHM2 69 158 147
BLHM3 328
BLHM4 78
Table 54 Probability from a 1 tail c-test, 95% Confidence 
Level, N degrees pf Freedom
T-Test for Alkaline Tailings Plants Zinc
BLH
BHM
BLHMD
BHD
BHMD
BLHM
* Empty cells represent a confidence level <95%
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Table 55 Mean and Standard Deviation of Copper (ppm) in
Black Liquor-Treated Alkaline Plant Tissue
Plant Tissue Analysis
Planters Copper Mean ±
Cl 22 41 39
C2 16
C3 98
C4 26
BLHl 26 60 31
BLH3 87
BLH 4 67
BHMl 15 12 3
BHM2 12
BHM3 8.2
BLHMD2 46 52 37
BLHMD3 18
BLHMD4 92
BHDl 50 44 20
BHD2 50
BHD3 60
BHD4 14
BHMDl 20 14 7
BHMD2 8.1
BHMD3 8.1
BHMD4 20
BLHM2 27 45 15
BLHM3 53
BLHM4 54
Table 56 Probability from a 1 tail 5-tesi
T.evel , N degrees of Freedom
BLH
BHM
BLHMD
BHD
BHMD
BLHM
*Empty cells represent confidence level < 95%
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Table 57 Mean and Standard Deviation of Lead (ppm) in Black
T.iqiioi— Treated Alkaline Plant Tissue
Planters Lead (ppm) Mean St dev
Cl 633 179 304
C2 10
C3 72
C4 1.6
BLHl 3.3 6 2
BLH 3 7.9
BLH 4 5.9
BHMl 20 10 9
BHM2 5.4
BHM3 4.8
BLHMD2 63 30 29
BLHMD3 16
BLHMD4 9.9
BHDl 30 25 25
BHD2 58
BHD3 1.4
BHD4 9.2
BHMDl 1.5 6 9
RHMD2 1
BHMD3 19
BHÎ4D4 2.6
BLHM2 5.2 17 14
BLHM3 33
BLHM4 14
Table 58 Probability from a 1 tail t-test, 95% Confidence 
Level N degrees of Freedom
BLH
BHM
BLHMD
BHD
BHMD
BLHI4
*Empty cells represent confidence level < 95%
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IV.3 Acidic Tailings Greenhouse Study 
IV.3.a. Silver Bow Creek
The acidic tailings greenhouse study was conducted on 
material from Silver bow Creek over the period September 
1997 to April 1998. For this study, only the best amendment 
combinations from the alkaline experiments were utilized.
IV.S.a.l Lsachable Metals and pH of Tailings
Tailing samples were collected from each of the 
individual planters and analyzed for pH and metal content.
The pH of the tailings was generally about 2.0 to 2.5 
for all the planter sets. This was distinctly different 
from the pH of the alkaline planters that had a pH of about 
7.0.
The leachable metal concentrations from the acidic 
planters (summarized in Table 59) show that the Silver Bow 
tailings and the Free Coin/Red Cloud tailings have similar 
metal concentrations. Only the iron and zinc concentrations 
were radically different between these two sites. Zinc 
concentration was higher in the Silver Bow tailings while 
iron was higher in the Free Coin/Red Cloud tailings.
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Table 59 Leachable Metal Concentrations from Acidic Silver 
Bow Tailings
Planters Concentration (ppm)
Iron Zinc Copper Lead
A 7389 1728 693 661
B 6619 2300 980 409
BDHM 7132 1041 274 324
C 6525 836 546 476
ALHM 8439 5025 4849 1316
ADHM 6615 1757 655 455
ALHMD 5197 693 447 189
BDHLM 5272 233 606 349
Average 6649 1702 1132 523
After the planters had been filled to within two inches 
from the top, a grass seed mixture was applied at the same 
rate as in the alkaline greenhouse study.
IV.3.b Control Planter (Acidic Tailings)
Planters in the acidic study were allowed to grow from 
September 1997 to April 1998. The control was re-started in 
October because of an equipment collapse. No other mishaps 
occurred during the rest of the growth period. Each planter 
was scored for growth, color, thickness, and vitality. 
Analytical determinations were made for pH, effluent metal 
concentration, and grass tissue metal concentrations.
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IV.S.b.l Acid Tailings Control Grass Growth / Biomass
The growth of the grass in the control planters of the 
acidic study was noticeably poorer compared to that of the 
alkaline study. The grasses in acidic controls attained an 
average growth of 4 inches (figure 62); while, in the 
alkaline control planters the average growth was 7 inches. 
The difference was probably due to an unfavorable acidity of 
the soils. The biomass of the grass was also lower in the 
acidic control (<0.1 grams) compared to that of the alkaline 
control.
rv.3.b.ii Acidic Control Planter Vitality, Color, amd 
Thickness
The grass was not as healthy in the soil of the acidic 
control as that of the grass grown in the alkaline soil.
The same trends seen in the growth chart (figure 62) can be 
observed in the vitality, color, and thickness charts 
(figure 63-65). The grass shoots were thinner and not as 
green or vibrant (photo 22)
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sseâ Ttix
m
u0)-Mc
0 3r—4On
O
-t-JCou
o
-H
XJ-Ho<
c
•H
CD
CD
0 3
UO
(MO
CD
CD
( 1 3C
u•Hx:
mCD
03
U
Z3
O'-HCu
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
186
Photos 22 Acidic Control Planters (counter-clock wise) Oct 
97, Nov. 97, Dec. 97, and Jan. 98.
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IV.3.b.iii pH of Effluent from Acidic Control Planters
The pH of the effluent from control planters in the 
acidic study was ,on average, from 3.0 to 4.0 (figure 72). 
This was markedly different from that observed in the 
alkaline study were the average pH of the effluent was 
around 7.5. The high acidic soil water undoubtedly impaired 
growth, vigor, color, and thickness.
IV.3.b.iv. Metal Concentrations in Effluent of Acidic 
Control Planters
The metal concentrations from acidic control planters 
were much higher than those in the alkaline tailings study - 
- almost by a factor of 100. This, again, can be explained 
by the acidic pH which would increase solubility of the 
metals. Compared to the amended planters in this study, the 
acidic control was actually lower in metal concentrations 
during the first month, but, as the study progressed, 
eventually its metal concentration became higher than those 
in the amended planters.
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IV.3.b.v-. Metal Concentration in Grass Tissues From Acidic 
Control Planters
Grass shoots in the acid control planter were only 
sufficient for one analysis, not the four replicates 
analyzed in the alkaline study. Iron was most prevalent 
among the metals in the grass as it was in the alkaline 
control sample. In the acidic planter set lead was lowest in 
concentration among metals in the plant tissues which was 
different than that found in the alkaline study.
All metal concentrations obtained from grass tissue in 
the acidic control were higher compared to the alkaline set 
except for lead. Thus, amended planters offered mediation 
of leachable metals. In the alkaline study, many amended 
planters enhanced metal mobility exactly the opposite of the 
desired result.
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IV.3.c. Alginate and Black Liquor-Amended Acidic Tailings 
Study
In the acidic tailing study only seven combinations of 
alginate, black liquor, and other amendments were prepared. 
Those selected were the amendment combinations that gave 
optimal growth, color, vitality, thickness, and reduced 
metal concentrations in the effluent and grass tissues. 
Specifically the ones used for the acidic study were: 
alginate (control), black liquor (control), ALHM (alginate, 
lime mud, hog fuel, and manure), ADHM (alginate, de-watered 
sludge, hog fuel, and manure), BDHM (black liquor, de­
watered sludge, hog fuel, and manure), ALHMD (alginate, lime 
mud, hog fuel, manure, and de-watered sludge), and BLHMD 
(black liquor, lime mud, hog fuel, manure, and de-watered 
sludge). These planters were analyzed, as before, for 
growth, vitality, color, thickness, pH, metal concentration 
in effluent, and metal concentration in grass tissue.
IV.3.C.1 Groirth/Bxomass in Amended Acidic Planters
Average growth in the amended acidic planters (Figure 
72 and tables 59-60) shows that the ALHM planters attained 
the greatest shoot height of 14 inches before the end of the 
study (April, 1998). Other amended samples averaged near 10
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inches over the same time period. Growth in the treated 
planters was greater than that reached in the control 
planter (2 inches) and both the alginate-only and black 
liquor-only planters {4 and 2 inches, respectively) .
Compared to the alkaline study growth with the ALHM 
treatment was about the same; other amended combinations 
yield higher growth in the acidic study.
Figure 73 shows the biomass measured from the grass 
harvested out of the acidic planters. Unlike the alkaline 
study, the planter with the highest observed growth (as 
shoot length) did not correspond to the planter with the 
greatest boimass. The trend observed for biomass in the 
acidic study was:
ADHM > ADHLM > BDHLM > ALHM > BDHM
The ALHM planter set grew only 2 inches taller than that of 
the other planter sets, but was almost three times less in 
biomass than the ADHM planter set.
IV.3.c.ii Vitality, Color, and Thickness of Grass in Amended 
Acidic Planters
The vitality, color, and thickness of grass in treated 
acidic planters (figures 74-76) showed that the grass
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samples did better under these treatment regimes. The ALHM, 
which had the maximum grass growth, showed a downward trend 
in vitality very early in the experiment, and its color and 
thickness did not improve over the course of the study.
ALHMD and BLHMD, on the other hand, had a better overall 
increase and average in vitality, color, and thickness 
throughout the study. Planters with amendment combinations 
exhibited a better correlation between growth and other 
plant variables than the control, alginate-only, and black 
liquor-only planters. Photos 23-29, demonstrate that the 
alginate and black liquor control planters had very little 
growth, whereas the amendment combinations planters show 
grass shoots emerging from the majority of the planters.
Comparing the photographs 23-29 to the control 
photograph 22 one can see visible difference in grass 
growth, color, and vitality not observed in the alkaline 
study. In the alkaline study, the control and alginate-only 
planter sets had comparable growth amendment combination 
samples, and even better growth than some.
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Photos 23-26 (counter-clock wise) ADHM, Alginate, ALHMD, and 
ALHM
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Photos 27-29 (top to bottom) BLHMD, Black Liquor, and BDHM
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IV.3.c.xii pH o£ Effluent from Amended Acidic Planters
The pH of the effluent from the amended acidic planters 
{figure 77 and table 62-63) remained quite stable with most 
treatments. Only the ALHM showed a gradual increase in pH 
from the starting date to the ending date. The movement of 
the lime mud through the planter column could cause this. 
Planters treated with black liquor or lime mud, the most 
alkaline amendments, displayed the largest increase in pH 
compared to that of the control.
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IV.3.c.iv Metal Concentration in Effluent from Amended 
Acidic Planters
Metal concentrations in the effluent from amended 
planters (figure 78-81 and tables 65-72) showed an 
interesting trend. As the grass growth in the planters 
increased, the metal concentration in the effluent usually 
decreased. During the start-up phase of the experiment, the 
metal concentrations were higher in the amended samples than 
in the control. But, as the experiment progressed, the 
metal concentrations in the control eventually became 
greater than those measured in the amended planters. The 
increase at the experiment's outset could have been caused 
by colloidal particles of organic amendments transporting 
free metal ions through the planters. As the planters 
stabilized with plant growth, the colloidal particles 
decreased and the metal transport fell off.
Metal concentrations in the effluent of the acidic 
study were generally greater than those found in the 
alkaline study. This was to be expected because acidic pH 
conditions promote metal mobility by displaying it from 
sorption sites and dissolving precipitated forms.
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IV.3.C.V’ Metal Concentration in Grass Tissue from Amended 
Acidic Planters
Metal concentrations in the grass tissue from the 
amended acidic planters (figure 82-85 and tables 72-75) show 
that the alginate-only and black liquor-only controls had 
higher metal concentration than amended combined treatments. 
Comparing the control, alginate, and black liquor planters 
one can see that the black liquor-only planter had by far 
the highest metal concentrations in grass tissue. This 
suggests that the black liquor binds in a form more useable 
by plants. This effect is exploited in other projects when 
chelation agents are used to improve plant uptake.
The multi-amended planters had a low metal 
concentration compared to the control and the two single­
amendment planters. The highest metal concentration was 
observed with the zinc in the ALHM planters. The copper 
concentrations in all the planters were very similar; 
statistically, only the ALHMD amendment planter was 
significantly lower than the rest of the planters.
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XV. 4 NMR Investigations of Metal-Black Liquor Interactions
The purpose of this part of the project was to 
demonstrate that lignin could act as a biopolymer, and 
accept the free metal ions in a metal-rich soil (abandoned 
mine tailings or slickens). From the NMR spectrum of the 
black liquor and previous alginate research; one concludes 
that both are capable of complexing free metal ions.
In this section the results of the - NMR analysis 
of interactions between metals and black liquor will be 
discussed. Table 76 lists the instrument parameters 
employed for the NMR analysis. These parameters were 
established with black liquor and DSS samples. These 
settings were then used with all metal-black liquor 
mixtures. The DSS standard was only used during the 
initial NMR analysis of black liquor alone. DSS standard 
was not added to mixtures containing metals because of 
possible interference in the formation of the black liquor 
complexes.
Only two of the four metals were used in this 
experiment —  zinc and lead. Iron was abandoned because 
its magnetic properties would have affected the NMR field. 
Zinc was prepared by dissolving ZnCla into the black liquor 
solution (0.208 g for 0.0015 mol and 2.5 g for 0.019 mol).
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Lead mixture was prepared by dissolving Pb (N O 3) 2 into the 
black liquor solution {0.3312 g for a 0.001 mol and 1.627 g 
for a 0.005 mol solution). The 0.01 mole lead solution 
formed a brownish solid in the black liquor solution and 
could not be analyzed.
IV.4.a Results of NMR Analysis of Black Liquor
Figures 86-90 show the NMR spectra from the black 
liquor analysis set. The four tall peaks that go off s c a le  
on the Black Liquor / DSS figure 86 are the DSS standard 
peaks which were used to calibrate the chemical shits in a 
NMR spectrum.
Peaks marked A-E mark characterized regions where 
metal addition effects were more readily seen. Table 77 
shows the affects on the peak height caused by the addition 
of the metal ions. Peak A was used as a marker for the 
other four peaks since it did not seem to be affected by 
the addition of metals to the black liquor.
Peaks that diminished in height were being affected by 
the addition of the metal (zinc or lead). When the metal 
binds with the black liquor it significantly reduces the 
mobility of the carbons in that area. Restriction of 
molecular motion decreases the nuclear relaxation time
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Table 76 Instrument Parameters for NMR analysis
Acquisition Sample Processing Flags
sfrq 100.577 Solv
ent
DzO lb 1.00 il n
tn C13 sb N.U. in n
at 0.328 Decoupling gf N.U. dp n
np 32768 dn HI awe N.U. hs nn
sw 50000.0 dof 0 Isfid N.U. temp N.U.
fb 27600 dm Yyy phf id N.U.
bs 16 dmm W wtfile
ss 0 dmf 9900 proc ft
tpwr 53 dpwr 38 fn N.U.
pw 8.7 math f
pi 0 werr
dl 1.000 wexp
d2 0 wbs wft
tof 0 wnt
nt 53952
ct 19840
• N.U. = Not Used
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giving rise to line broadening/diminishing of the 
signals. As the metal concentration increases the peak 
intensity decrease, indicating more of the black liquor is 
binding to the metal.
With the addition of the zinc ion, two peak areas were 
severally affected —  those of peak B and E. When 0.019 
moles of zinc ion were added, peak B and E completely 
disappeared from the spectrum. With the addition of the 
lead ion, only peak E seemed to be affected, decreasing in
height by a factor of almost 2.
The differences in the spectral binding results 
between zinc and lead could be attributed to the fact that
zinc is a hard metal, lead is a soft metal. Both would
have a preferable binding site on the lignin chain̂ °'̂ '̂̂ .̂
Research has already shown that alginate can be used 
as a metal acceptor (page 12 and figure 6). Because of the 
features of the alginate utilized in this project (high 
viscosity), it could not be analyzed by the NMR instrument 
accessible to this project. At a concentration of 1% 
alginate, the solution was almost a gelatinous mass and 
would have taken more than a 48 hour period to get an 
acceptable NMR spectrum.
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Table 77 Peak Height (inches)
Peaks BL & DSS 0.001m Zn 0.019m Zn 0.001m Pb 0.005m Pb
A 5.1 5.0 5.0 5.1 5.0
B 2.1 1.9 0 1.3 1.2
C 1.2 1.6 1.2 1.3 1.2
D 1 1.2 2.8 0.9 1.6
E 0.7 0.6 0 1.0 0.5
♦Measurements off original Spectrum
Table 7 8 Ratio of Peak Heights
Ratio BL & DSS 0.001m Zn 0.019m Zn 0.001m Pb 0.005m Pb
A:B 0.41 0.38 0 0.25 0.24
A:C 0.23 0.32 0.24 0.25 0.24
A:D 0.2 0.24 0.53 0.18 0.32
A:E 0.14 0.12 0 0.19 0.1
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Figure 8 6 NMR Spectrum of Black Liquor and DSS standard
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Figure 87 NMR Spectrum of 0.001 Moles Zinc in Black Liquor,
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Figure 88 NMR Spectrum of 0.019 moles of Zinc in Black 
Liquor.
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Figure 89 NMR Spectrum of 0.001 Moles Lead in black Liquor.
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Figure 90 NMR Spectrum of 0.005 Moles Lead in black Liquor.
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IV.5 Mbdeling
The Minteq model was used with the data collected in 
section IV.3 to confirm with thermodynamic calculations the 
observed effects of the amendment combinations. Minteq 3.11 
is a geochemical model used to calculate equilibrium 
concentrations of components in an aqueous system.^® It 
includes sorption, solid phases, saturated states, and 
precipitation of metals at equilibrium.
Inputted into the model was the metal concentrations 
of found in both the alkaline and acidic soils used in the 
greenhouse study along with the pH of the effluent 
collected from the planters. This produced an output file 
used to generate figures 92-99 for each of the amendment 
combinations studied in each tailing type. Since the 
Minteq model assumes equilibrium and cannot take into 
account everything that was chemically transpiring in the 
planters, an analysis of the ratios between the amended 
planters and the control planters was used as a basis for 
comparison.
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IV.5.a Analysis of Mbdal Ou^ut
Table 80 and 81 lists the ratios of effluent metal 
combinations (treated: control) amended planters of the 
alkaline study. Values for the ratios predicted be Minteq 
are in the upper panel of the tables; those measured 
experimentally are in the lower panel. For the alginate- 
amended planter group (table 80), the predicted ratio and 
the actual ratio were in close agreement for iron, zinc, 
and lead. The copper ratios, however, were very different. 
Minteq predicted much lower concentrations of copper in the 
effluent of the amended planters compared to that of the 
control than was actually found in the greenhouse study. 
This could have been causedby the increased colloids that 
at the Minteq model may not^ave been able to take into 
account, since organic concentration analysis was not done.
The black liquor amended planter in the alkaline study 
did not follow the model as well as the alginate planter 
did. Only zinc ratios were similar. As in the alginate 
part of this study, copper concentrations were dissimilar 
between the predicted and the experimental. The iron and 
lead ratios were off by up to a factor of 2. Since the 
black liquor was more soluble in water than the alginate, 
the effluent from black liquor planters could have been
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higher in organic colloid composition, allowing for more 
metal transport in the system.
For the acidic greenhouse study the alginate amended 
planter (A) agreed best with the Minteq predicted ratio.
The other amended planter sets did not demonstrate a good 
correlation between the predicted and the experimental 
ratios. This again was probably due to organic colloids in 
planter systems allowing metal mobility in the effluent. 
Minteq was unable to characterize this component of the 
real system since organic carbon concentrations were not 
measured in this experiment.
If the Minteq model were completely correct in its 
predictions the amendments would have the ability to 
greatly reduce dissolved metals in systems such as were 
studied here. That however would be based on the ability 
of the ecosystem to achieve equilibrium. Since this rarely 
happens in open, dynamic, natural system. Changes in 
temperature, moisture, mass transport, etc., are constantly 
perturbing the ecosystem.
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V. Conclusion
This project investigated the value of amending 
abandoned mine wastes for two sites - one with alkaline 
waste and one with acidic waste. Summarized remarks are 
organized into three sections: 1) the alkaline study site,
2) the acidic study site, 3) overall perspectives. For 
each study I discuss the extent to which amendments 
accomplished the three goals set out at the beginning of 
the project: reducing Teachable metal concentrations, 
establishing a vegetative cover, and decreasing uptake of 
metal by plants.
V.l Alkaline Study
The alkaline study did not achieve the goals stated at 
the beginning of the experiment. Still it provided 
valuable information about revegetating an alkaline soil 
site.
The alkalinity of the tailings pile at the Free Coin / 
Red Cloud Mine maintained run-off pH at 7.0 or higher.
This kept the metal concentrations in the leachate at a low 
concentration, below phytotoxic levels even before the 
greenhouse studies began. But the site was still barren and
258
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the tailings pile was supplying sediments high in metals 
to the streambed. A vegetative cap could slow this 
movement.
The amendment combinations studied in this project had 
some unexpected effects that ran counter to the stated 
remediation goals. They increased metal concentration in 
the effluent - a negative result. This was probably due to 
increased organic colloid concentrations added in the 
organic cap applied to the surface of the tailings. It 
should be noted, though, metal levels in runoff were still 
below drink water toxic levels of these metals studied, so 
the vegetative cap did not necessarily pose a threat to the 
environment. Interestingly, the Minteq model closely 
predicted the metal ratios in alkaline amended planters, 
with the exception of copper.
Amendment combinations increased the growth of grass 
compared to that in the alkaline control planter in the 
order:
BHMD > ALHM > BLHM > AHM > BHM > BLHMD > AHMD = AT HMD
All of these planters had similar zinc and iron 
concentrations in the leachate compared to that of the
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control on average. However copper and lead concentrations 
were increased by a factor of 5 to 7 by some amendments.
In most cases metal concentrations in plant tissue 
were higher in the alkaline control than in those of the 
amended planters. Table 82 shows how the amended planters 
grass tissue metal concentration was lower than that of the 
control. Only BLHMD and BLHM amendments showed an 
increase in both copper and zinc concentration, and ALHM 
showed an increase in zinc. Overall, lead and iron showed 
the greatest reductions in plant tissue levels following 
amendments.
Table 82 Percent Change from Control in Metal 
Concentrations in Plant Tissue Harvested from Amended 
Alkaline Planters
% Change in Metal Concentration
Planters % Lead %Copper %Zinc %Iron
AHMD -94.8 -53.1 -34.6 -83.6
ALHMD -84.6 -55.9 -68.5 -91.1
BLHMD -83.5 +28.4 +16.1 -66.5
BHM -94.4 -71.0 -71.3 -95.5
AHM -85.0 -29.0 -62.0 -93.2
BLHM -90.3 +10.3 +82.0 -79.1
ALHM -87.8 -16. 0 +99.0 -90.9
BHMD -96.6 -65.3 -51.7 -93.8
While the alkaline study did not achieve all the goals 
established for this project, it did provide information on
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
261
how such a site could be revegetated. Since the metal 
concentration in leachate remained below human drinking 
water and phytotoxic limits, use of the eight amendment 
combinations that produced greater grass growth could be 
considered as a potential revegetation strategy. However, 
since the site does not pose a health hazard, it would be 
best to use less extreme revegetation measures.
A field study with the eight best amendment 
combinations would be useful to see how they would react in 
an actual outdoor setting. The results might be different 
than what was achieved in the greenhouse study where 
temperature and application of water were tightly 
controlled.
V.2 Acidic Study
The acidic tailing study achieved all goals set at the 
beginning of the project. This study used only those 
amendment combinations from the alkaline study that 
achieved goals - namely ALHM, BDHM, ADHM, BDHLM, and ADHLM.
Metal concentrations in leachate of planters were 
reduced by the addition of amendments to mine wastes 
collected at the Silver Bow Creek site. However the 
reductions were not as dramatic as hoped. Comparing
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amended planters leachate metals concentrations with that 
of the control (table 83) illustrates that for zinc, 
copper, and lead a maximum reduction of 65% was achieved.
Compared to the acidic control, iron showed an 
increase in concentration with the majority of amendment 
combinations studied. However iron does not usually pose a 
high toxic risk. Figure 83 shows that while the iron 
concentration did decrease in the amended planters' 
effluent during the study period, for most by about a 
factor of 5, the control planter's effluent was only 
reduced by about a factor of 2 between the maximum and 
minimum concentrations.
Table 83 Percent Change in Metals Concentrations in 
Leachate of Acidic Planters
Percent Change in of Metals in Effluent of j
Acidic Plant:ers
Planters %Zinc %Copper %Iron %Lead
A +37.5 + 1.4 -6.1 +17.3
B +30.1 -40.1 +65.9 -19.1
ALHM -17.0 -51.9 +27.3 -74.6
BDHM -36.5 -44.3 +174.8 -42.4
ADHM -28.9 -55.9 +53.6 -19.1
BDHLM -60.2 -58.1 +153.4 -15.4
ADHLM -67.3 -68.9 -47.2 -78.8
Grass biomass in the amended planters was greater 
than that of the control (<0.1 grams), a positive result. 
The amended planters had a biomass ranging from 0.35 grams
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(BHDM) to 1.2 grains (ADHM) . Amendments that produced high 
biomass in the alkaline study though, did not fare as well 
in the acidic study, demonstrating that amendments good for 
one area, may not prove beneficial in another.
Metal concentrations in the plant tissues were greatly 
reduced in the amended planter sets (table 84). Metal 
concentration in the grass tissue decreased for all metals 
in the acidic study, the same effect was not observed in 
the alkaline study. Overall, the metal concentrations 
generally decreased by over 75% ore more except in ALHM 
where the zinc concentration drop was only 35.5% which was 
lower than the other amendments reduction of zinc.
Figure 84 Percent Change of Metals in Plant Tissue of 
Acidic Study
Percent Change of Metals in Plant Tissue of
Acidic Study
Planter %Fe %Zn %Cu %Pb
ALHM -98.5 -35.5 -83.4 -81.1
ADHM -99.0 -78.2 -83.5 -87.6
ADHM -98.4 -90.7 -86.6 -90.5
BDHLM -99.1 -94.4 -83.9 -78.0
ALHMD -98.9 -93.1 -86.2 -88.7
The acidic study achieved project goals. The logical 
next step in this project would be to apply the amendments 
to an outdoor site and see how well they perform.
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V.3 Overall Perspectives
While the establishment of a vegetative cover may seem 
a good remediation strategy, soil amendments designed to 
promote ground cover may have the undesirable side effect 
of increasing the leachability of metal contaminants. This 
was observed to some degree in the alkaline study. This 
could have been simply a pH effect on complexation between 
the organic biopolymers and the metals, since both lime mud 
and black liquor amendments significantly raised the pH.
In a basic system the organic biopolymers would be 
more soluble in their charged state; carboxylate and 
phenolate groups should form. In a more acidic system, 
acid would displace sorbed metals into solution. Thus, 
from this study it seems that a system at a pH of 6.0 to 
6.5 allows for the optimal complexation between biopolymers 
and metal ions to produce less mobile forms.
Compared to previous revegetation projects (Section 
II), this project had different results. In the Crown 
Butte project,2 it took 20 years before a stable 
revegetative cap was observed, where as in this experiment 
grass growth was immediate upon germination of the grass 
seeds.
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Similar results compared to other studies (i.e.
Sandbar Creek, Illinois, and other pulp mill waste 
p r o d u c t s ) w h i c h  were able to achieve a 
revegetative cap on these sites. This project also was 
able to reduce metal leaching (in the acidic study) 
leaching which was also observed in the other studies.
Grass tissue metal concentration was not shown in 
these other studies so there is not comparison to what was 
achieved here, except with the phytoextraction project 
(i.e. indian mustard)^' where the use of EOT and other 
chelation agents to increase metal concentration in plant 
tissues. However, the biopolymers picked for this 
experiment, overall, reduced the ability of the grass 
tissue to absorb the metals just as theorized.
This study demonstrated that industrial by-products 
and wastes can be utilized in a revegetation project (Table 
85) . Each site, however, requires careful analysis 
beforehand to select which amendment combination would 
provide the best revegetation strategy for the site without 
increasing metal leachability.
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Table 85 Project Goals overview.
Tailing Type Reducing
leachable
metal
concentration
Establishing
vegetation
cover
Decrease 
metal uptake 
by plants
Alkaline Amendment 
additions 
increased 
copper and 
lead
concentration 
in leachate.
Slight 
increase of 
vegetative 
cover
compared to 
control.
Decreased 
metal uptake 
by plants in 
most cases.
Acidic Amendment
additions
decreased all
metals
studied
except for
iron.
Significant 
increase in 
vegetative 
cover
compared to 
that of the 
control.
Significant 
decrease of 
metal uptake 
by plants for 
all metals.
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2 9 2
pH MEASUREMENTS Date: Jan. 17, 1997
Sample pH MEAN STD
Blank 1 7.6
Blank 2 7.56
Cl 8.35 7.81 0.38
C2 7.64
C3 7.49
C4 7.74
A1 7.84 8.01 0.16
A2 8.19
A3 7.93
A4 8. 08
AHMDl 7.27 7.26 0.05
AHMD2 7.19
AHMD3 7.3
AHMD4 7.29
AHMl 7.68 7.74 0.09
AHM2 7.68
AHM3 7.73
AHM4 7.86
AHDl 7.92 7.94 0.05
AHD2 7.89
AHD3 7.95
AHD4 8
ALHMDl 7.88 8.04 0.15
ALHMD2 7.97
ALHMD3 8.07
ALHMD4 8.23
ALHl 7.85 7.89 0.04
ALH2
ALH3 7.91
ALH4 7.92
ALHMl 8 8.02 0.23
ALHM2 8.34
ALHM3 7.82
ALHM4 7.91
B1 9.03 9.33 0.23
B2 9.41
B3 9.59
B4 9.3
BHMl 9.04 8.80 0.22
BHM2 8.59
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2 9 3
pH MEASUREMENTS Date: Jan. 17, 1997
Sample pH MEAN STD
BHM3 8.93
BHM4 8.63
BHMDLl 8.62 8.71 0.25
BHMDL2 9.06
BHMDL3 8.48
BHMDL4 8.67
BHDl 8.92 9.13 0.32
BHD2 9.38
BHD3 8.79
BHD4 9.41
BLHMl 9.09 8.99 0.32
BLHM2 9.22
BLHM3 9.13
BLHM4 8.51
BLHl 8.87 8.79 0.19
BLH2 8.55
BLH3 8.73
BLH4 8.99
BHMDl 8.88 8.72 0.12
BHMD2 8.68
BHMD3 8.73
BHMD4 8.6
BUFFER 4.0 4 4.10 0.14
BUFFER 4.0 4.2
BUFFER 10.0 10 10.15 0.21
BUFFER 10.0 10.3
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2 9 4
pH MEASUREMENTS Date: Jan. 30, 1997
Sample pH MEAN STD
Blank 1 7.54
Blank 2 7.56
Cl 7.63 7.29 0.30
C2 7.4
C3 6.92
C4 7.2
A1 7.2 7.98 0.55
A2 8.47
A3 8
A4 8.23
AHMDl 7.31 7.38 0.20
AHMD2 7.26
AHMD3 7.67
AHMD4 7.27
AHMl 7.79 7.80 0.39
AHM2 7.67
AHM3 7.41
AHM4 8.34
AHDl 7.82 7.64 0.26
AHD2 7.32
AHD3 7.53
AHD4 7.89
ALHMDl 7.7 7.76 0.14
ALHMD2 7.86
ALHMD3 7.9
ALHMD4 7.59
ALHl 7.66 7.60 0.15
ALH2 7.46
ALH3 7.78
ALH4 7.48
ALHMl 8-11 7.87 0.26
ALHM2 • 7.73
ALHM3 7.58
ALHM4 8.07
B1 8.83 9.12 0.32
B2 9.29
B3 9.48
B4 8.87
BHMl 8.93 8.71 0.19
BHM2 8.53
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2 9 5
pH MEASURED[ENTS Date: Jan. 30, 1997
Sample pH MEAN STD
BHM3 8.81
BHM4 8.58
BHMDLl 8.27 8.81 0.43
BHMDL2 8. 66
BHMDL3 9.03
BHMDL4 9.26
BHDl 9.04 9.14 0.20
BHD2 9.01
BHD3 9.44
BHD4 9.05
BLHMl 8.96 8.78 0.20
BLHM2 8.51
BLHM3 8.91
BLHM4 8.75
BLHl 9.01 8.61 0.28
BLH2 8.61
BLH3 8.41
BLH4 8.42
BHMDl 8.65 8.64 0.10
BHMD2 8.6
BHMD3 8.54
BHMD4 8.78
BUFFER 4.0 4 4.20 0.28
BUFFER 4.0 4.4
BUFFER 10.0 10 10.19 0.27
BUFFER 10.0 10.38
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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pH MEASUREMENTS Date: Feb.7, 1997
Sample pH MEAN STD
Blank 1 7.66
Blank 2 7.61
Cl 8.09 8.04 0.08
C2 7.97
C3 7.98
C4 8.12
A1 8.01 7.93 0.10
A2 7.99
A3 7.78
A4 7.93
AHMDl 7.41 7.36 0.13
AHMD2 7.41
AHMD3 7.45
AHMD4 7.16
AHMl 7.78 7.81 0.05
AHM2 7.8
AHM3 7.78
AHM4 7.88
AHDl 7.43 7.89 0.32
AHD2 7.94
AHD3 8.16
AHD4 8.01
ALHMDl 7.93 8.00 0.11
ALHMD2 8.13
ALHMD3 7.88
ALHMD4 8.04
ALHl 7.88 7.96 0.09
ALH2 8.02
ALH3 8.05
ALH4 7.89
ALHMl 8.15 8.12 0.20
ALHM2 8.39
ALHM3 8.01
ALHM4 7.93
B1 9.09 8.73 0.31
B2 8.44
B3 8.52
B4 8.88
BHMl 8.32 8.48 0.24
BHM2 8.52
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2 9 7
pH MEASUREMENTS Date: Feb.7, 1997
Sample pH MEAN STD
BHM3 8.81
BHM4 8.28
BHMDLl 8.6 8.50 0.08
BHMDL2 8.42
BHMDL3 8.44
BHMDL4 8.52
BHDl 8.71 8.71 0.29
BHD2 8.77
BHD3 8.33
BHD4 9.02
BLHMl 8.96 8.86 0.21
BLHM2 8.72
BLHM3 9.11
BLHM4 8.66
BLHl 8.69 8.49 0.14
BLH2 8.37
BLH3 8.45
BLH4 8.43
BHMDl 8.71 8.53 0.33
BHMD2 8.73
BHMD3 8.03
BHMD4 8.63
BUFFER 4.0 4 4.17 0.24
BUFFER 4.0 4.34
BUFFER 10.0 10 10.12 0.16
BUFFER 10.0 10.23
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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pH MEASURE]MENTS Date: Feb.26, 1997
Sample pH MEAN STD
Blank 1 7.61
Blank 2 7.76
Cl 7.72 7.69 0.14
C2 7.6
C3 7.57
C4 7.87
A1 8 8.14 0.10
A2 8.15
A3 8.24
A4 8.15
AHMDl 7.77 7.68 0.22
AHMD2 7.74
AHMD3 7.84
AHMD4 7.35
AHMl 7.93 7.91 0.03
AHM2 7.9
AHM3 7.86
AHM4 7.93
AHDl 7.56 7. 95 0.27
AHD2 8.05
AHD3 8.18
AHD4 8
ALHMDl 7.99 8.03 0.10
ALHMD2 8.15
ALHMD3 7.92
ALHMD4 8.07
ALHl 8.12 8.04 0.10
ALH2 8.01
ALH3 8.12
ALH4 7.92
ALHMl 8.09 8.13 0.12
ALHM2 8.29
ALHM3 8.01
ALHM4 8.11
B1 9.02 8.45 0.59
B2 8.72
B3 8.39
B4 7.65
BHMl 8.03 8.17 0.45
BHM2 8.46
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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pH MEASURE]HENTS Date: Feb.26, 1997
Sample pH MEAN STD
BHM3 7.6
BHM4 8.58
BHMDLl 8.3 8.14 0.47
BHMDL2 8.53
BHMDL3 7.46
BHMDL4 8.27
BHDl 8.22 8.29 0.12
BHD2 8.45
BHD 3 8.31
BHD4 8.17
BLHMl 8.14 8.32 0.34
BLHM2 8.5
BLHM3 8.68
BLHM4 7.94
BLHl 8.69 8.37 0.22
BLH2 8.33
BLH3 8.22
BLH4 8.25
BHMDl 8.68 8.34 0.24
BHMD2 8.23
BHMD3 8.33
BHMD4 8.12
BUFFER 4.0 4 4.08 0.11
BUFFER 4.0 4.16
BUFFER 10.0 10 10.09 0.12
BUFFER 10.0 10.17
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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pH MEASUREMENTS Date: March 25, 1997
Sample pH MEAN STD
Blank 1 7.58
Blank 2 7.55
Cl 7.55 7.31 0.19
C2 7.32
C3 7.1
C4 7.26
A1 7.34 7.53 0.14
A2 7.5
A3 7.67
A4 7.59
AHMDl 7.22 7.20 0.19
AHMD2 7.24
AHMD3 7.39
AHMD4 6.94
AHMl 7.53 7.39 0.17
AHM2 7.42
AHM3 7.14
AHM4 7.48
AHDl 7.11 7.48 0.26
AHD2 7.72
AHD3 7.55
AHD4 7.54
ALHMDl 7.58 7.50 0.11
ALHMD2 7.46
ALHMD3 7.36
ALHMD4 7.58
ALHl 7.56 7.48 0.09
ALH2 7.52
ALH3 7.5
ALH4 7.35
ALHMl 7.76 7.62 0.12
ALHM2 7.65
ALHM3 7.48
ALHM4 7.58
B1 8.43 8.29 0.14
B2 8.31
B3 8.1
84 8.33
BHMl 7.81 8.04 0.20
BHM2 7.98
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3 0 1
pH MEASUREMENTS Date: March 25, 1997
Sample pH MEAN STD
BHM3 8.08 j
BHM4 8.28
BHMDLl 8.08 8.20 0.13
BHMDL2 8.12
BHMDL3 8.38
BHMDL4 8.21
BHDl 7.97 8.09 0.12
BHD2 8.15
BHD3 8.02
BHD4 8.23
BLHMl 8.33 8.22 0.15
BLHM2 8.05
BLHM3 8.36
BLHM4 8.12
BLHl 8.22 8.06 0.20
BLH2 7.94
BLH3 8.24
BLH4 7.85
BHMDl 8.13 7.93 0.14
BHMD2 7.88
BHMD3 7.89
BHMD4 7.81
BUFFER 4.0 4 3.90 0.15
BUFFER 4.0 3.79
BUFFER 10.0 9.67 9.84 0.23
BUFFER 10.0 10
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3 0 2
pH MEASUREMENTS Date: April 14, 1997
Sample pH MEAN STD
Blank 1 7.94
Blank 2 7. 84
Cl 8.29 7.80 0.37
C2 7.54
C3 7.5
C4 7.88
A1 8.04 8.12 0.05
A2 8.13
A3 8.17
A4 8.13
AHMDl 7.85 7.85 0.15
AHMD2 7.91
AHMD3 7.99
AHMD4 7.65
AHMl 8.08 8.02 0.08
AHM2 8.08
AHM3 8
AHM4 7.91
AHDl 7.49 7.95 0.31
AHD2 8.17
AHD3 8.09
AHD4 8.05
ALHMDl 8.06 8.01 0.08
ALHMD2 8.09
ALHMD3 7.91
ALHMD4 7.98
ALHl 8.13 8.01 0.12
ALH2 8.03
ALH3 8.05
ALH4 7.84
ALHMl 8.13 8.08 0.14
ALHM2 8.24
ALHM3 7.92
ALHM4 8.04
B1 8.91 8.70 0.17
B2 8.63
B3 8.5
B4 8.75
BHMl 8.2 8.31 0.25
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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pH MEASUREMENTS Date: April 14, 1997
Sample pH MEAN STD
BHM2 8.03
BHM3 8.39
BHM4 8.62
BHMDLl 8.43 8.38 0.18
BHMDL2 8.26
BHMDL3 8.61
BHMDL4 8.21
BHDl 8.44 8.58 0.11
BHD2 8.71
BHD3 8.6
BHD4 8.56
BLHMl 8.66 8.58 0.13
BLHM2 8.47
BLHM3 8.73
BLHM4 8.47
BLHl 8.28 8.25 0.06
BLH2 8.27
BLH3 8.3
BLH4 8.16
BHMDl 8.15 8.22 0.05
BHMD2 8.23
BHMD3 8.24
BHMD4 8.26
BUFFER 4.0 4 4.02 0.02
BUFFER 4.0 4.03
BUFFER 10.0 10 9.95 0.07
BUFFER 10.0 9.9
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pH Acidic Study
Sample 10/15/1997 Average Max Min
Cl 3.97 3.93 3.98 3.85
C2 3.85
C3 3.9
C4 3.98
A1 4.2 3.75 4.2 3.21
A2 3.42
A3 3.21
A4 4 .16
B1 4.16 4.59 4.94 4.16
B2 4.81
B3 4.45
B4 4.94
ALHMl 6.21 5.04 6.21 4.49
ALHM2 4 .65
ALHM3 4.82
ALHM4 4.49
BDHMl 3.33 4.24 6.34 3.33
BDHM2 6.34
BDHM3 3.67
BDHM4 3.6
ADHMl 5.85 4.24 5.85 3.15
ADHM2 3.15
ADHM3 3.95
ADHM4 3.99
BDHLMl 6.48 6.80 7.25 6.48
BDHLM2 6.7
BDHLM3 6.78
BDHLM4 7.25
ADHLMl 4.49 4.58 5.11 4.24
ADHLM2 5.11
ADHLM3 4.49
ADHLM4 4.24
BLANKl 7.66 7.66 7.66 7.66
BLANK2 7.66
BUFFERS
2.4 2.4
4 4
10 10
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pH Acidic Study
Sample 11/3/1997 Average Max Min
Cl 3.91 4.18 4.93 3.76
C2 3.76
C3 4.93
C4 4.1
A1 4.16 3.97 4.16 3.48
A2 3.48
A3 4.16
A4 4.07
B1 4.53 5.23 5.83 4.53
B2 5.83
B3 4.86
B4 5.7
ALHMl 5.12 5.41 6.54 4.92
ALHM2 6.54
ALHM3 4.92
ALHM4 5.05
BDHMl 3.79 5.10 6.41 3.79
BDHM2
BDHM3 6.41
BDHM4
ADHMl 6.19 4.91 6.19 4.04
ADHM2
ADHM3 4.5
ADHM4 4.04
BDHLMl 6.56 6.86 7.13 6.56
BDHLM2 6.91
BDHLM3 6.84
BDHLM4 7.13
ADHLMl 4.48 4.75 5.6 4.15
ADHLM2 4.76
ADHLM3 5.6
ADHLM4 4.15
BLANKl 7.23 7.41 7.58 7.23
BLANK2 7.58
BUFFERS
2.4 2.4
4 4.02
10 10
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pH Acidic Study
Sample 11/15/1997 Average Max Min
Cl 3.77 3.71 3.77 3.61
C2 3.61
C3 3.77
C4 3.68
A1 4.1 3.91 4.11 3.41
A2 3.41
A3 4.11
A4 4
B1 4.61 5.17 5.75 4.61
B2 5.57
B3 4.74
B4 5.75
ALHMl 5.39 5.82 6.35 5.38
ALHM2 5.38
ALHM3 6.15
ALHM4 6.35
BDHMl 3.58 5.47 6.28 3.58
BDHM2 6.03
BDHM3 5.97
BDHM4 6.28
ADHMl 5.76 4.40 5.76 3.19
ADHM2 3.19
ADHM3 4.8
ADHM4 3.83
BDHLMl 6.69 6.72 7.05 6.47
BDHLM2 6.66
BDHLM3 6.47
BDHLM4 7.05
ADHLMl 4.85 4.78 5.02 4.5
ADHLM2 5.02
ADHLM3 4.75
ADHLM4 4.5
BLANKl 6.97 7.21 7.45 6.97
BLANK2 7.45
BUIfFERS
2.4 2.4
4 3.94
10 10
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pH Acidic Study
Sample 11/30/1997 Average Max Min
Cl 2.97 3.41 3.63 2.97
C2 3.5
C3 3.63
C4 3.53
A1 3.97 3.82 4.05 3.3
A2 3.3
A3 4.05
A4 3.96
B1 4.66 4.74 5.31 4.19
B2 4.8
B3 4.19
B4 5.31
ALHMl 5.8 5.73 6 5.46
ALHM2 5.64
ALHM3 5.46
ALHM4 6
BDHMl 3.11 5.23 6.03 3.11
BDHM2 6.03
BDHM3 5.94
BDHM4 5.85
ADHMl 5.34 4.58 5.34 3.4
ADHM2 4.62
ADHM3 4.96
ADHM4 3.4
BDHLMl 6.55 6.43 6.55 6.27
BDHLM2 6.45
BDHLM3 6.27
BDHLM4 6.45
ADHLMl 4.21 4.48 5.04 3.87
ADHLM2 5.04
ADHLM3 4.79
ADHLM4 3.87
BLANKl 7.18 7.36 7.53 7.18
BLANK2 7.53
BUFFERS
2.4 2.4
4 3.9
10 10
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pH Acidic Study
Sample 1/28/1998 Average Max Min
Cl 3.74 3.64 3.74 3.56
C2 3.6
C3 3.65
C4 3.56
A1 4.14 4.08 4.23 3.92
A2 3.92
A3 4.23
A4 4.03
B1 6.17 5.46 6.17 4.85
B2 5.7
B3 4.85
B4 5.12
ALHMl 5.55 6.07 6.59 5.55
ALHM2 6.02
ALHM3 6.11
ALHM4 6.59
BDHMl 5.16 5.03 5.65 3.72
BDHM2 5.58
BDHM3 5.65
BDHM4 3.72
ADHMl 4.88 3.77 4.96 2.46
ADHM2 2.46
ADHM3 4.96
ADHM4 2.79
BDHLMl 5.97 5.91 6.15 5.65
BDHLM2 5.65
BDHLM3 5.86
BDHLM4 6.15
ADHLMl 4.11 4.51 5.35 3.78
ADHLM2 5.35
ADHLM3 4.81
ADHLM4 3.78
BLANKl 7.39 7.48 7.57 7.39
BLANK2 7.57
BUFFERS
2.4 2.4
4 4.2
10 10
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pH Acidic Study
Sample 2/28/1998 Average Max Min
Cl 3.62 3.55 3.62 3.47
C2 3.5
C3 3.61
C4 3.47
A1 4.11 4.37 5 4.11
A2 4.19
A3 4.16
A4 5
B1 6.22 5.98 6.22 5.55
B2 5.95
B3 5.55
B4 6.19
ALHMl 6.39 6.76 7.26 6.39
ALHM2 7.26
ALHM3 6.46
ALHM4 6.91
BDHMl 7.14 5.65 7.14 3.12
BDHM2 6.76
BDHM3 5.58
BDHM4 3.12
ADHMl 5.1 4.07 5.71 2.69
ADHM2 2.69
ADHM3 5.71
ADHM4 2.79
BDHLMl 6.21 6.16 6.55 5.85
BDHLM2 5.85
BDHLM3 6.03
BDHLM4 6.55
ADHLMl 3.92 4.89 5.7 3.92
ADHLM2 5.7
ADHLM3 5.18
ADHLM4 4.77
BLANKl 7.37 7.48 7.59 2.4
BLANK2 7.59
BUFFERS
2.4 2.4
4 3.9
10 10
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pH Acidic Study
Sample 3/21/1998 Average Max Min
Cl 3.68 3.62 3.69 3.56
C2 3.69
C3 3.56
C4 3.56
A1 4.54 4.04 4.54 3.25
A2 3.25
A3 4.22
A4 4.16
B1 5.34 5.66 6.17 5.34
B2 5.79
B3 5.35
B4 6.17
ALHMl 6. 68 6.96 7.31 6.68
ALHM2 6.8
ALHM3 7.31
ALHM4 7.06
BDHMl 5.93 5.53 6.23 3.95
BDHM2 6.23
BDHM3 6.01
BDHM4 3.95
ADHMl 5.52 4.23 5.8 2.68
ADHM2 2.68
ADHM3 5.8
ADHM4 2.91
BDHLMl 5.97 6.37 6.79 5.97
BDHLM2 6.5
BDHLM3 6.21
BDHLM4 6.79
ADHLMl 4.47 5.35 6.37 4.47
ADHLM2 6.37
ADHLM3 6
ADHLM4 4.55
BLANKl 7.4 7.49 7.58 2.4
BLANK2 7.58
BUFFERS
2.4 2.4
4 4.0
10 10
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pH Acidic Study
Sample 4/9/1998 Average Max Min
Cl 3.65 3.51 3.65 3.39
C2 3.5
C3 3.49
C4 3.39
A1 5.2 4.13 5.2 3.21
A2 3.21
A3 4.04
A4 4.06
B1 5.38 6.01 6.52 5.38
B2 6.3
B3 5.84
B4 6.52
ALHMl 6.06 6.76 7.31 6.06
ALHM2 6.41
ALHM3 7.31
ALHM4 7.24
BDHMl 5.44 5.27 6.09 3.51
BDHM2 6.09
BDHM3 6.05
BDHM4 3.51
ADHMl 5.74 5.30 6.39 3.13
ADHM2 6.39
ADHM3 5.95
ADHM4 3.13
BDHLMl 5.32 6.06 6.67 5.32
BDHLM2 6.67
BDHLM3 6.06
BDHLM4 6.19
ADHLMl 4.66 5.73 6.85 4.66
ADHLM2 6.85
ADHLM3 6.21
ADHLM4 5.21
BLANKl 7.54 7.53 7.54 2.4
BLANK2 7.51
BUFFERS
2.4 2.4
4 4.1
10 10
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Green House Height : Acidic Tailings
Planter 9/18/19
97
10/1/19
97
10/10/19
97
10/17/19
97
10/24/19
97
11/3/199
7
Cl 2.5 1.5 2 0.5 2
C2 3 2 2.5 0.5 2
C3 2.5 2 2.5 0.5 2.5
C4 2 2.5 2.5 0.5 2
A1 2 1.5 2.5 2.5 2 3.5
A2 1.5 1 2.5 2.5 2 4
A3 2.5 2 2.5 2.5 2 3
A4 1 1.5 2.5 . 2.5 2 1
B1 0 0 0 0 0 0
B2 1 1 1 1 2 3
B3 0 0 0 0 1 3
B4 2.5 3 2.5 2.5 3 5
ALHMl 4 5 6 6 6 8
ALHM2 6 5 6 6 7 8
ALHM3 6 6 6 6 7 9
ALHM4 6 6 7 7 7 8
BDHMl 2.5 1 2 2 2 3
BDHM2 1 0.5 2 2 2.5 4
BDHM3 5 6 7 7 7 6
BDHM4 5 6 6.5 6.5 6.5 5
ADHMl 5.5 7 7 7 7 10
ADHM2 5 7 6 6 7 7
ADHM3 5.5 7 6 6 7 10
ADHM4 5.5 7 7 7 7 10
BDHLMl 3 2 3 3 3 3
BDHLM2 3 3 5 5 6.5 7
BDHLM3 4 5 6 6 7 7
BDHLM4 4.5 5 7 7 7.5 8
ALHMDl 5 7 8 8 9 11
ALHMD2 5 7 7 7 8 9
ALHMD3 5 7 7 7 8 11
ALHMD4 2 7 6 6 8 8
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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Green House Height ; Acidic Tailings
Planter 11/14/9
7
11/26/9
7
1/14/9
8
1/289/9
8
2/16/9
8
3/6/9
8
3/21/98
Cl 2.5 3 3 3 4 3 3.5
C2 2.5 3.5 3 2 3 3 3.5
C3 4.5 5.5 3.5 2 2 3 3
C4 2 2.5 3 2 2 1.5 1.5
A1 4 6 5.5 5 5 4 3
A2 4.5 6 2 2 2 2 2
A3 4 4.5 4 5 5 4 4
A4 1 2 0 0 0 0 0
B1 2 2 2 0 0 0 0
B2 3 4 2 2 1 0 0
B3 3 2 2 3 0 0 0
B4 5.5 5.5 4 3 2 2 1
ALHMl 10 8 7 9 12 13 14
ALHM2 10 8 6.5 9 10 12 12
ALHM3 10 8 8 9 11 13 13
ALHM4 9 8 8.5 9 11 13 13
BDHMl 4 4.5 4 6 7 8 9
BDHM2 4 4 5 5 7 10 11
BDHM3 8 7.5 6.5 9 9 10 11
BDHM4 6.5 7 7 9 10 10 11
ADHMl 10 7 6 6 7 7 8
ADHM2 7 8 6 6 8 10 11
ADHM3 10 9.5 8 8.5 10 11 12
ADHM4 10 8.5 7 7 8 9 9
BDHLMl 4 5.5 6 6 8 9 10
BDHLM2 7 7.5 7 7 9 9 10
BDHLM3 7 9 5 5 9 9 9
BDHLM4 8 9 8 9 9 10 12
ALHMDl 11 9 8 9 8 10 11
ALHMD2 10 9 8 9 10 10 11
ALHMD3 11 9.5 8 9 10 11 12
ALHMD4 8 6 6 8 5 6 8
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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VI.3 Amendments
Planter Amendment Metal Concentration Analysis Copper
sample grams dilution abs con (ppm) Ave con
De-watered sludge 1.226 250 1.429 4 4
1.226 250 1.286 4
de-watered sludge 1.3301 250 1.48 4 4
1.3301 250 1.478 4
De-watered sludge 1.7296 250 1.241 3 3
1.7296 250 1.236 3
manure 1.2439 250 1.075 3 3
1.2439 250 1.056 3
manure 0.9951 250 1.127 4 4
0.9951 250 1.102 4
manure 2.4359 250 1.338 2 2
2.4359 250 1.314 2
black liquor 1 0.004 0.925 3 3
1 0.004 0.917 3
black liquor 1 0.004 0.354 1 2
1 0.004 0.383 2
lime mud 3 250 0.167 0.28 0.29
3 250 0.194 0.31
lime mud 3 250 0.088 0.19 0.19
3 250 0.095 0.20
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Planter Amendment Metal Concentration Analysis Lead
sample grams dilution abs con (ppm) Ave con
De-watered sludge 1.226 250 0.624 73 65
1.226 250 0.483 57
de-watered sludge 1.3301 250 0.75 81 67
1.3301 250 0.492 53
De-watered sludge 1.7296 250 0.488 41 40
1.7296 250 0.483 40
manure 1.2439 250 0.374 43 44
1.2439 250 0.388 45
manure 0.9951 250 0.32 46 42
0.9951 250 0.263 38
manure 2.4359 250 0.125 7 7
2.4359 250 0.117 7
black liquor 1 0.004 0.463 67 72
1 0.004 0.536 77
black liquor 1 0.004 0.092 13 7
1 0.004 0.006 1
lime mud 3 250 0.011 0 0.48
3 250 0.013 1
lime mud 3 250 0.026 1 1.13
3 250 0.025 1
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Planter Amendment Metal Concentration Analysis Iron
sample grams dilution abs con (ppm) Ave con
De-watered sludge 1.226 250 5.562 44 44
1.226 250 5.617 44
de-watered sludge 1.3301 250 5.743 42 42
1.3301 250 5.76 42
De-watered sludge 1.7296 250 6.107 34 34
1.7296 250 5.979 33
manure 1.2439 250 5.459 42 42
1.2439 250 5.429 42
manure 0.9951 250 6.082 59 59
0.9951 250 6.102 59
manure 2.4359 250 7.57 30 27
2.4359 250 5.9 23
black liquor 1 0.004 5.64 54 38
1 0.004 2.295 22
black liquor 1 0.004 4.264 41 40
1 0.004 4.123 40
lime mud 3 250 4.192 13 13
3 250 4.162 13
lime mud 3 250 0.233 1 1
3 250 0.177 1
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Planter Amendment Metal Concentration Analysis Zinc
sample grams dilution abs con (ppm) Ave con
De-watered sludge 1.226 250 1.434 5 5
1.226 250 1.622 6
de-watered sludge 1.3301 250 1.397 5 5
1.3301 250 1.418 5
De-watered sludge 1.7296 250 0-289 1 1
1.7296 250 0.44 1
manure 1.2439 250 0.712 3 2
1.2439 250 0.358 1
manure 0.9951 250 1.51 7 5
0.9951 250 0.842 4
manure 2.4359 250 1.136 2 2
2.4359 250 1.294 2
black liquor 1 0.004 0.495 2 4
1 0.004 1.246 5
black liquor 1 0.004 0.404 2 1
1 0.004 0.236 1
lime mud 3 250 0.331 1 0
3 250 0.232 0
lime mud 3 250 0.331 1 0
3 250 0.232 0
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